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PREFACE TO THE SECOND EDITION 

The de\e!opments in nudear phjsics whjch were announced to the world 
With dramatic suddenness m Au^just 1945 are of great importance m the 
field of radjologj and hate made a second edition of Radiology Physta desir- 
able In carrying out the retision, the author has added new work in atomic 
phjsics and at the same time has taken the opportunity to overhaul the whole 
hook, rearranging the order and amphf}ing where necessary. The elementary 
character of the book has been maintained, for it is essentially an introduction 
to a \ast field whose importance in biologj and in medicine is now fully 
recognized 

In the preparation of the manuscript the luthor has consulted freely current 
literature on nuclear and atomic physics and, in particular, would like to 
evprcss lus indebtedness to Medical Physics, edited bj Otto Glasser, and to 
Lectures m the Physics of Radiotherapy b) M V Ma^neord, complimentary 
copies of which were received from the Ontario Institute of Radiotherapy 
Acknowledgement is gladlj made of helpful suggestions received in conver- 
sation With Professor Majneord, of the Rojal Cancer Hospital, London, 
and with mj colleague. Dr H M Cave A number of new illustrations 
base been introduced and, for some of them or for permission to use them, 
my grateful thanks are due Dr Matthew Luckiesh, Dr Edith Quimby, 
Professor Pierre Demers, Professor Serge A Korff, The Victoreen Instru 
ment Company, Machlett Laboratones, Incorporated, Radiology and Dr 
J M Cork 

The author would like to take this opportunit) of expressing his apprecia- 
tion of helpful comments made h) man} after the original publication of 
Radiology Physics and, in particular, to thank Dr Marvin M D Williams, 
of the Ma) o Foundation, Rochester, Mmn 

Queens University. 

May. 1948 


J. K. R 



PREFACE TO THE FIRST EDITION 

With the ever increasing applications of physics m medicine the problem 
of giving the medical or the premedical student adequate instruction in ph>sics 
has become one which demands action To teach in one year the funda- 
mental principles of phjsics, and at the same time to deal adequately with 
those applications with which a medical student should be familiar, is well 
nigh impossible At Qucen‘s University the problem has been solved and, 
on the whole, satisfactorily, by giving instruction in two successive years In 
the first year, the student is given the usual course m general physics, with 
the omission of electricity and magnetism In the second year, lectures and 
laboratory work in electricity and magnetism lead naturally to a consideration 
of such topics as x-ny transformers, x-ray tubes, conduction of clectncity 
through gases, radioacnvity, nuclear physics, and high frequency currents 
Radiology Physics covers, with some amplification, the work given by the 
author in the second half of this course 

It IS hoped that this book will prove suitable as a text for similar courses 
elsewhere, especially for those institutions which agree with the Committee 
on the Teaching of Physics for Premedical Students* in their opinion “ that 
the Amencan Association of Physics Teachers should go on record as in favour 
of making the physics prerequisite two years instead of one ” Radiology 
Physics is also commended to all radioloinsts and radiological technicians who 
wish, not a handboolc, but a simple explanation ot irfe pdysicai’ pnncipi’es 
underlying the use of their apparatus Although a knowledge of elementary 
electricity and magnetism is assumed, the mathematical treatment is reduced 
to a minimum 

In the preparation of the manuscript, the author has made some use of an 
earlier book on X rays and X-ray Affaratus, and his thanks are due the 
President of D Van Nostrand Company, Inc , for permission to use some of 
the material m the more recent Atomic Artillery Under each illustration 
due acknowledgment is made where necessary, but my special thanks are due 
the Philips^ G\oei\ampeiiiabntken, ErniWitv., KoVi^rid, \\vt 
X-ray Corporation, Dr J G Trump of the Massachusetts Institute of 
Technology, and Mrs. Edith Quimby and Dr G Failla of the Memonal 
Hospital, New York, for photographs and other material Acknowledgment 

* The Amer can Phys cs Teacher, S, 267, 1937 
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CHAPTER I 

ALTERNATING CURRENTS 


The iim of this text is to present in a sjstematic waj the fundamental physical 
pnnciples iitih/ed m the field of rad ology It is assumed that the reader has 
had a general course in physics such as is given in the first year of 1 beral arts 
or to prcmedicil students, but the author does not hesitate to review and to 
amplify important parts of the elementary course For example, at the outset 
the student is asked to recall -i few principles m electricity and magnetism, that 
branch of phy sics « hose applications abound in rad ology 


1 Electromagnetism — All students are 
familiar with the fact that when i bar magnet 
is placed beneath a sheet of piper on which iron 
filings arc spnnklcd, the filings arrange them- 
selves along regular lines This simple expen- 
ment indicates that in the region around the 
magnet there is a magnetic field of force To 
Visualize this field w c siy that it is traversed by 
magnetic lines of force, the actual number of 
lines being so chosen that at my particular 
place, the intennty or strength of the magnetic 
field IS equal to the number of lines passing 
through an area of 1 sq cm , the area being at 
nght angles to the direction of the lines A 
field of unit intensity, it will be recalled, is equal 
IS called 1 oersted 



""These" lines of force are closed curves which leave the north pole of the 
magnet and enter the south, constituting what is called a magnetic flux 
through the magnet Indeed, whenever magnetic fines pass through any 
regioh,'we speak of a magnetic flux through that region 

Elementary experiments with electnc currents prove that a magnetic field 
surrounds a wire carrying a current and show that if the wire is bent into a 
solenoidal co 1, as in Fig 1, one end of the solenoid is a north pole, the other 
a south Moreover, if the aif inside the solenoid is replaced by a core of soft 
1 




2 alternating currents 

„on the tecomes sKongly m.gn...Kd under the tnfluence of the 
field due to the current and a pov.erf. 1 electromagnet mt) be cretted We 
can have magnetic fields therefore subject to the control of an electric circo 
When the circuit » closed the tnagnelic lines are said to be JM with the 
turns of the circuit the number of bifage, being equal lo the 
toul magnenc flua times the number of turns of the circuit with which they 
•ire linked When the circuit is broken the lines disappear, with a consequent 
change in the number of linkages 

2 ElectromagneUc Induction — Suppose a wire Fig 2 which 
forms part of a simple closed circuit containing a galvanometer G but no 
hatter) , is free to be moved between the 
poles of an electromagnet whose circuit 
IS closed If AB is moved from posi- 
C tion I across the lines of force to position 
II (indicated hy A E) a momentary 
current is indicated by the galvanometer 
If the wire /fB is moved back again, a 
momentary current in the opposite direc- 
tion is recorded In general, it is found 
that as long as the wire is moving with 
respect to the lines of force a current is 
developed Th s and man) other similar 
eiqjcnmcnts prove that ivbenever a for 
AB moved circuit ts moving with resfect 

field an induced ^0 magnetic lines of force an induced 
s developed m the electromotive force (F M F ) jr devel 
afed and if the circuit « closed, an in- 
duced current results This is the very important principle of electromagnetic 
induction discovered m 1832 by Faraday in England and simultaneously by 
Heniy in the United States 

The pnncipk may be stated in another and possibly more useful way 
When the movable w re /fB is in position I there are no lines of force linked 
with the galvanometer circuit, but when it is m position II all the lines are 
1 nked or interlocked with that circuit Frequently, then we state that an 
induced E M F is developed in a circuit wherever there is any change m the 
number of lines linked with it If for example the wire is left in position 
A B and the electromagnet circuit (the fnmary circuit) is broken, there is a 
momentary induced current m the movable wire circuit (the secondary) 
Again, when the primary circu t is made, a momentary induced current results 
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in the secondary In tins experiment, the secondarj circuit is not moved, but 
the magnetic lines appear on make of the pnmarj, disappear on break, and so 
on both make and break there is relative motion of lines and a portion of a 
circuit Or, stating it the other waj, on break of the primary, there is a 
decrease in the number of lines linked with the secondary, on make, an 
increase — m both a change, and hence an induced E M F is developed 
The magnitude of the induced E M F is found by expenment to depend 
on the rate at which the lines are cut or on the rate at which the number of 
linkages is changing Large E M F may be obtained, therefore, when 
numerous electnc conductors rapidly cut the lines of strong magnetic fields, 
or when such fields are linked and “ unlinked ’ with many turns of an electnc 
circuit This, m f act, is the basi c pnncipl^uliz^ in dynamos, in trans formers 
and in induction coils 
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move up, thus cutting lines in the on'f Mtc direction, md the d rectmn ot the 
induced F M F nnd of llic resulting current reverses At the Mme time 
the wire CO reverses its direction from up to dow n, 'mil in it, too, the imUicea 
EMF chinges direction It follows, therefore, tint with tlm simple 
irrangcment, for one half of a revolution a current K flowing in one direction, 
for the other half, m the opposite 

Not onl}, howeicr, is there i reversal of current (or, if )mi like, of pohnu 
between the brushes B, and B ) hut the ilrrugth of the current iv contininllj 
changing This will be evident if n is rcih/ed tint when the wire /fB w 
passing through its highest position and the wire CP lhrniij,h its lowest, each 
wire IS moving parallel to the magnetic lines and hence for a short interval of 
time there is no cutting and, therefore, no induced voltage and no current 
As AB goes down (and CD up) the lines arc cut more and more quicklv until 
after one quarter of a revolution both AB and CD arc moving dircctl) at 
right angles to the lines At this instant, therefore, the magnetic lines are 
cut at the fastest rate and the biggest induced voltage results I or the neat 
quarter of a revolution, the lines arc cut less and less quickl) until AB reaches 
the bottom (CD the top) and once more, for a bnef m vment, each wire is 
moving parallel to the lines, and the voltage has dropped to gero again t vi~ 
demly, then, dunng one complete revolution, the current in the circuit will 
graduallj nse m one direction to a maMmiim value, drop until it is zero, from 
which It gradually climbs to a maximum in the oppfisite direction, again falling 
to zero If the loop is rotated at stead} speed and m a uniform magnetic 
field, the manner in which the current changes with time is represented 
graph cally m Fig 4 

A current of this t}pe is an alternating one (AC) as well as stnuwiAal 
Obviously a sinusoidal current is chiractenzed by (1) changing polaiat) and 
(2) gradual “smooth” changes m intensity (See also section 8 1 ) 

It IS well to note that while a sinusoidal current is always A C., it is possible 
to have alternating currents which are not sinusoidal 
Two Of three important terms should be noted 

A cycle refers to the complete change from zero to a maximum m one direc- 
tion, down through zero to a maximum m the other direction and back again 
to zero In Fig 4, 0;f represents a cycle 

The frequency of A C is the number of cycles per second Most house- 
holders on the American continent are supplied with AC at 1 10 volts, with 
3 frequency of 60 cycles per second , although as low as 2 5 is sometimes used 
Neither this voltage nor this frequency could be generated with a simple 
machine of the type illustrated In the practical A C generators or dynamos 
or alternators found in power houses, the desired frequency and voltage are 
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obtained by using several sets of magnet poles, alternately north and south, 
and manj loops of wire The fundamental principles utilized, however, are 
the same as those we have been discussing and the current supplied by such 
generators generally approximates fairly closely to the snusoidal 

In direct current (DC) generators, it is important to realize that the 
same principles are utilized and that an alternating E M F is developed m the 
rotating loops or moving conductors B} the use of commutator plates, this 
alternating current is rectified and direct current flows m the external circuit 

4. Strength of A C — When alternating currents are used in the 
Hborator), an A C ammeter placed in the circu t indicates a definite current 
of so many amperes Actually we know tint the current is varjmg in the 
manner represented by Fig 4, being sometimes in one direction, sometimes in 
another, with magnitude constantly changing What, then, does the instru 
ment record? To understand the answer to that question, it is necessary to 



know that, by agreement an alternating current has a value or strength equal 
to that of a direct current which produces the same heat in a given resistance, 
in the same time If for example, m a certain time an alternating current in 
a coil of wire develops the same heat as a direct current of 2 amperes, the 
alternating current has a strength of 2 amperes Sometimes the strength is 
said to be so many viriunl amperes, but more often the qualifying word 
is dropped 

The common D C ammeter of the moving coil type cannot be used to 
measure alternating current, because with such a current the coil is acted on 
by rapid impulses tending to rotate it, first in one direction, then in the opposite, 
and no mosement except a possible quivering of the pointer is obsened In a 
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hot wire instrument, however, the movement o{ the pointer depends on the 
change m length and tension of a wire heated b) a current and this »s inde- 
pendent of Its direction Such an instrument, therefore, can be used for 
measuring both A C and D C It is, of course, not the onlj t)pc 


5 Meaning of R M S — The student will recall that the amount of 
heat developed in a conductor in a given time, depends on the square of the 
current, oi that the power dissipated in a conductor of resistance R is PR 
watts, where I is the current in amperes and R the resistance in ohms With 
this in tnind it should not be difficult to sec that, ashen alternating current is 
used, the equivalent direct current is equal to the square root of the average of 
the squares of successive vtilucs, if a complete ejele is subdivided into a large 
number of intervals For this reason, the strength of an alternating current 
or the number of virtual amperes is sometimes referred to as the Root-Mcan- 
Square or R M S value The same expression maj he applied to a similar 
average of any quantitj van mg according to the same law as is represented 
hj Fig 4 Alternating voUmeters for example, record the RMS value of 
the alternating E M F 

With a little knowledge of calculus it is not difficult to prove that 


RMS value = 


maximum value 


or = 0707 maximum value. 


Thus, if an AC ammeter records 7 07 amperes, we know that the actual 
current changes from 0 to 1 0 amperes in each direction 


6 Inductive and Nonmductive Circuits — Suppose a coil of wire 
is wound around an iron core, as in any ordinary electromagnet, and that it 
IS supplied w th direct current Before the circuit is closed, the magnetic field 
is weak or absent altogether and the number of msgnetic lines linked with the 
circuit IS negl gibl} small After the circuit is closed, however, -i strong mag- 
netic field exists with a correspond ng large number of linkages Therefore, 
during the time immediately following the closing of the circuit, there is a big 
change in the number of linkages Consequently while the change is taking 
place, an induced E M F , called an EJ4 F of inductance, vs developed in the 
coil of the electromagnet 

Now by Lenz’s Law nnv induced E M F is in a direction opposing the 
change which gives nse to it This E M F of inductance, therefore, is in a 
direction opposite to the original applied voltage, and so immediatel} after the 
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c]osmgolthearcuit, the actual current fns a value given Iijr 

current = ^ E of battery — E M F of inductance 
resistance of circuit 

E •— E' 

or, tn symbols / — — , where E =EMr of inductance 
K 

For this reason the electromagnet current does not immediately attain its 
final steady value ^given bj / = ^ but nses somewhat as shown in Fig 5 

Ultimatcl) the number of linkages becomes constant, there is no opposing 
induced E M F and the current has a constant value 
If the electromagnet circuit is broken, the lines 
of force disappear and, if the break is made quickly 
enough, a large E M F of inductance is devel- 
oped in the same direction as the onginal applied 
E M F Its magnitude ma} be many times 
greater than that of the onginal E M F , so great, 
indeed, that a spark jumps the gap where the 
break is made This spark may be accompanied 
bj or followed by an arc between the separated 

metal parts of the breaking switch, an arc which , 

, Til r 1 ria 3 The nse or a turect cur 

must sometimes be suppressed by the use of special ^ mducuve c rcuit 

Circuit breakers or magnetic blow-outs 

The effect of inductance maj be illustrated in a simple manner by the use 
of an ordinary dry cell and an electromagnet (or pnmary of a transformer) 
of low resistance If the terminals of the cell are short circuited by a piece of 
copper wire and the circuit suddenly broken no more than an infinitesimal 
«:park or flash is seen at the place of break If, however, the cell is connected 
in senes with the electromagnet, on break there is a bnght flash Although 
the current in the first place is actually greater than m the second, the number 
of magnetic I nes linked with the circuit is so small compared with the number 
in the second, that the induced E M F on break is not great enough to cause 
an appreciable spark With an electromagnet in the circuit, the number of 
linkages is increased many times and a marked spark occurs when they disap- 
pear on break 

This expenment illustrates the d fference between a noninduetive and an 
mductvoe circuit In the former, the number of linkages per ampere is so 
small that the induced E M F on make or on break is negligible small, tn the 
latter, there is a large number of linkages per ampere with important effects 
both on make and on break of a direct current On make there is a delay m 




ALTCRNAIING CURIUMS 


the rise of the current, whereas on break, an E M F , often quite large, is 
developed A circuit containing an incandescent lamp is nonmductivc, one 
with an electromagnet, inductive 

A circuit has an inHi(ctauc<> of I henry when the number of linkages fer 
amfere ts 10’ or one hundred sntUion * For example, if an electromagnet is 
wrapped with 200 turns of wire and a total f!u\ of 10,000 lines traverses 
Its iron core when the exciting current is 1 ampere, its inductance is 


200 X 10,000 1 - , 

ig; or - of.hcnn 


7 Impedance and Inductive Reactance — When an alternating 
current flows m an inductive circuit, the magnetic field is cnnstantlj chancing, 
and so opposing induced E M F are present at all times These have an 
important effect on the magnitude of the averace current m the circuit Let 
us examine carefully the difference between an inductive and a noninductive 
circuit in so far as alternating currents are concerned 



Flc 6 Simple circuit for measunng resistance for D C or impedance for A C 

Suppose a lamp of resistance 440 ohms is joined in series with an ammeter, 
suitable for e ther AC or D C , to supply terminals TT , as illustrated in 

Fig 6 If the supply voltage is 1 1 0 direct, the ammeter reads ~ or 0 25 

440 

ampere If the supply voltage is UQ alternating (that is, an A C voltmeter 
placed across the term nals records 110 volts) the ammeter indicates practi 
cally the same read ng In other words, Ohm’s Law in its simple form holds 
for both A C and D C when we are deal ng with a simple noninductive 
circuit 

Now replace the lamp by an electromagnet of teswUwte SO m 

ductance 0 3 henry With direct current, the ammeter records ^ or 2 2 
amperes With alternating current, the read ng is very much less because of 

*One henry s more often defined as the inductance of a circuit such that, when the 
cwrent is chang ng at the rate of I ampere pec second the induced E M F is 1 volt 
rjie two definitions are of course equivalent 
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opposing E M,r_of md uctance^ Actually the ammeter records about 
0 89 amperes As fir as alternating current is concerned, the electromagnet, 

therefore, his an effective resistance of “ or 123 6 ohms This total 

resistance to in ilternating current is called the tmfedance of the circuit Its 
mairnitudc depends on (I) the true resistance, in this case 50 ohms, and (2) 
the mducU^e rraetauce, the mme given to the effective resistance arising from 
thc^induced E hi F 

Since the magnitude of any induced L M F depends on the rate at which 
the number of linkages is changing, the numencal value of the reactance 
depends both on the inductincc, or the number of hnkiges per ampere, and 
on the frequency of the ihermting current Obvjously the higher the fre- 
quency, the more nptdly the number of linkages is cbanirmg It requires a 
Jittlc more mathematics than is at the disposal of most medica} students to 
prove that the reactance in ohms is equal to 2sr/A, where / is the frequency 
and L the inductance expressed in henries 

For example, the reactance of the above electromagnet (whose inductance 
IS 0 3 henry) when an alternating current of 60 cycles per second is used is 
equal to 

27rX 60 X 03 of 113 1 ohms 

It will be noticed that, although ^ the true resistance of the electromagnet 
is 50 ohms and the reactance 113 1 ohms, 
the impedance is only 123 6 ohms, not the 
sum of these two numbers The problem 
then arises, given the resistance and the reac- 
tance, how can we calculate the impedance? 

The answer is smplc, although the proof is 
not and must be omitted from this text If 
we make a nght-angle triangle, as in Fig 7, Fic 7 Tnangle showing the mag 
,,,<1 Ut .h. kngth of o„o „do ,op,e«„, R rAU'Sfv."?..'’,".;.? 
the resistance, the other side 2‘irfL, the reac 

tance, then the impedance is given by the length of the hypotenuse It follows 
at once that the impedance Z is given by the relation 

Z=VR'’ + 

which, for the above electromagnet, gives us, 



Z = V50'’ + (113 17 

= 123 6 ohms. 
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the rise of the current, whereas on hrc'ik, an E M J i often quite large, iS 
developed A circuit containing an incandescent lamp is noninducusc, one 

with an electromagnet, rndueme 

A circuit has an inductancr aj I henry when the number of linkages ^er 
am-pere ts 10’ Of one hundred million * For example, if an electromagnet »s 
wrapped with 200 turns of wire and a total flu\ of 10,000 lines traverses 
Its iron core when the exciting current is 1 ampere, its inductance ts 


200 X 10,000 
10 ' 


or 


50 


of a henr\ 


7 Impedance and Inductive Reactance — When an alternating 
current flows in an inductive circuit, the magnetic field is constanll} changing, 
and so opposing induced E M F are present at all times T hesc have an 
important effect on the magnitude of the average current in the circuit Let 
us examine carefully the difference between an inductive and a noninductivc 
circuit m so far as alternating currents are concerned 



Fic 6 Simple circuit for measur ng resistance for D C , or impedance for A C 

Suppose a lamp of res stance 440 ohms is joined m senes with an ammeter, 
suitable for either AC or D C , to supply terminals TT , as illustrated in 

Fig 6 If the supply voltage is 110 direct the ammeter reads or 0 25 

440 

ampere If the supplj voltage is IIQ alternating (that vs, an A C voltmeter 
placed across the terminals records 110 volts), the ammeter indicates practi- 
cally the same reading In other words, Ohm’s Law in its simple form holds 
for both A C and D C when we are dealing with a simple noninductivc 
circuit 

Now replace the lamp by an electromagnet of resistance 50 ohms and in- 
ductance 0 3 henry With direct current, the ammeter records ^ or 2 2 
amperes With alternating current, the read ng is very much less because of 

* One henrj is more often defined as the inductance of a circuit such that, when the 
ewrent s changing at the rate of 1 ampere pet second the induced E M F ts 1 volt 
Phe two definitions are of course equivalent 
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oppoang E M,F_of j nducta^ Actuall) the ammeter records about 
0 89 amperes As hr as alternating current is concerned, the electromagnet, 

therefore, has an effective reastance of or 123 6 ohms This total 

resistance to an alternating current is called the tmfcdance of the circuit Its 
magnitude depends on (1) the true resistance, in this case 50 ohms, and (2) 
the tnduciwe reactattce, the name given to the effective resistance ansin«» from 
the" induced E M F 

Snce the magnitude of any induced E M F depends on the rate at whch 
the number of linkages is changing the numerical value of the reactance 
depends both on the inductance, or the number of linkages per ampere, and 
on the frequency of the alternating current Obv^ousl} the higher the fre- 
quency, the more rapidl) the number of linkages is chaninnij It requires a 
little more mathematics than is at the disposal of most medical students to 
prove that the reactance m ohms is equal to 2irjL, where / is the frequency 
and L the inductance expressed in hennes 

For example, the reactance of the above electromagnet (whose inductance 
IS 0 3 henry) when an alternating current of 60 cjcles per second is used is 
equal to 

a^rX 60 X 03 of 113 I ohms 

It will be noticed that, although R the true resistance of the electromagnet 
is 50 ohms and the reactance 113 1 ohms, 
the impedance is only 123 6 ohms, not the 
sum of these two numbers The problem 
then arises, given the resistance and the reac- 
tance, how can we calculate the impedance? 

The answer is simple, although the proof is 
not and must be omitted from this text If 
we make a nght-angle triangle, as in Fis; 7, Tic 7 Tnangle showing the mag 
„,d 1« .he length nf one »de reprint R 
the resistance, the other side 2ifjLy the reic- 

tance, then the impedance is given bj the length of the hjpotenusc It follows 
at once that the impedance Z is given b) the relation 

Z“V/?' + (2ir/Z.)*, 

which, for the above electromagnet, gives us 



Z = V50' + (113 I)* 
= 123 6 ohms. 
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alternating currents 


Not long ago a traveler for scientific apparatus as as demonstrating a new 
light designed to work on 1 10 A C He was mistakcnl) told that the D C. 
suppl) terminals m a laboratory were A C and on plugging tn the lamp, imme- 
diately found that it burned out The impedance of the lamp circuit was 
much greater than its true resistance, hence when D C was used, the current 
■was much higher than •with A C 

Sometimes the impedance is due almost entircl) to the reactance, as m the 
case of a choke cod This desice consists of a coil of wire of low resistance, 
with an iron core vhich may be withdrawn from the coil or whose position 
may be altered in such a way that the value of L the inductance gradually 
changes 

In high frequency circuits, which will be discussed in Chapter YllI, the 
value of the frequency is of the order of a million or a hundred million cycles 
per second With such circuits (and we encounter them in radio sets) even 
a small value of L may correspond to an appreaable or even a high reactance. 
For example, if L = 1 microhenry,* and / = 10* cj cles per sec , the reactance 
is 2ir or 6 28 ohms 


8 Capacitive Reactance — When a condenser, such as C, Fig 8, 
IS joined to an ordinary battery c 


-o — 1 


to D C terminals Tl \ the condenser is 
charged, but after a momentary initial 
current, a good condenser acts as an in- 
finite resistance and an ammeter A placed 
in the circuit indicates no current When 
the condenser is joined to alternating sup- 
ply terminals, the situation is very differ- 
ent As the alternating current surges 
to and fro, the condenser js continually 
charged and discharged, its plates being 
alternately positive and negative, negative 
and positive, and so on An A C am- 
meter placed m the circuit indicates a current just as if it were m an ordinary 
lighting circuit. 

If the condenser has a capacitance of 1 microfarad and the alternating supply 
IS UO volts 60 cycles per second, the ammeter actually indicates a current of 
about 0 415 ampere 1 he condenser, therefore, is equivalent to an effective 

e 110 

resistance, or reactance of or about 265 ohms This effective resist- 

♦The student Wl scareelj need to be reminded that the prefix ,mcro means one 
milliontn or 10~® of the mam unit 


Fig 8 An ammeter 

supply and a conderiser indicates 
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inct IN cilftil 1 raptcttar rctcinttce^ lo liistiiipUisIi it from mdiictive reactance 
I he \alm of the capacitive rtictincc mi} hs. calculated from the expres 

2^’ ^ *’’'■ c^picitancc of the condenser expressed in farads* 

Taking the above microfarad condenser as an example, we find its reactance 
to be 


If / IS cxtrcmel) high, as in diatherm) or radio circuits, the capacitive 
reactance is corrcs[K)nd ngl} small - — just the opposite to the reactance of an 
inductance f »r such currents For example, for a 100 million c^cleper second 
fretjucnc), the reactance of a microfarad condenser is 

1 _ 1 _ 

2ir 100 X KT X I X 10-» 200 t 

or a small fraction of an ohm 

9 Combination of Resistance 
and Capacitance — If a nomndoc- 
tive resistance, a tungsten lamp, for ex- 
ample, of resistance R ohms is inserted Fio 9 Tninglc showing the magnitude 
in senes with a condenser and the two impedance due to resistance and 

, capacitive reactance 

arc joined to A C supplj terminals, the 

impedance of the combination is again found bj the use of a nght angle tr 
angle As illustrated in Fij^ 9, if one side of the tnangle represents R, and 

the other, the capacitive reactance — ^ — » the hjpotenuse represents the 
2t!/C 

impedance, or, using a formula, the impedance Z of a combination of a non- 
inductive resistance and a condenser is given by 



10 Resistance, Capacitance, and Inductance — When the alter 
r.vrriiit aorJiides TC.ustance^ capacitance, and inductance, the impedance 
of the circuit is given by 

Z = 

* The student will recall 0 at when the potential d fference between the plates of a con 
denser of capacitance 1 fara 1 s equal to 1 volt the charge on e thcr tlafe s 1 coulonb 
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It will be noted that, since in this expression we subtract the two reactances, 
the impedance may again be found by the use of a right-angle triangle As 
before one side represents the value of R, but the length of the other side is 
now equal to the dt^erence between the inductitc and the capacitive react- 
ances In the special case where the two reactances are exactl) equal, the) 
cancel one another and the total impedance reduces to ^ If ^ is small, large 
currents may be obtained with small alternating E F We are then deal- 
ing with a resonating circuit about which more will be given in Chapter VIII 

11. Phase Difference — The student will recall that when a direct 
current of / amperes flows under a potential difference of V volts, the power 
supplied IS VI watts It might be expected that the same expression could be 
applied when alternating currents are used This, however, is hj no means 
always correct The power is alwajs proportional to the product of V, the 
voltage recorded by an A C voltmeter, times I, the amperage on the A C 



Fig 10 Graph to illustrate the meaning of phase angle. 

ammeter, but it is not alwajs equal to this product To understand why this 
is so, It IS necessary to explain the meaning of phase 

In a sinusoidal curve, such as we have shown m Fig 4 and again in Fig 10, 
the magnitude at an> instant of the changing current (or any other changing 
variable that the curve represents) can be calculated from the law / = sin 
where 

/ = the magnitude of the current at any instant, 

I„ = Its maximum value, 

and e = an angle whose value steadily increases with the time and 

changes m one cycle by 360° 

Suppose, for example, that an alternating current has a maximum value of 
10 amperes Then, to obtain the exact shape of the curve which shows how 
Its magnitude changes dunng one cjcle, all that is necessarv is to calculate the 
values of 10 sm 0°, 10 sm 30°, 10 sin 60°, etc , and to plot these values against 
the corresponding angles Figure 10 illustrates the plot obtained in such a 
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manner, miking use of the inimhci s j^ivcn in T il le I Viltics of $ are taken 
ever) 30“ for consenience, but i still more accunte curve would be obtained 
b) taking angles closer tOj,ether Since sine iilucs repeit every 360°, the 
curve between 360“ ind 720“, or 720“ and J0S0“, etc, iwJJ be the exact 
duplicate of that between 0“ and 360“, 


Table 



Now It should he evident that in exact method of descnbing the particular 
stage of the ejele which the current (or other variable) has reached at any 
instant is to give the magnitude of the corresponding angle, or what is called 
the -phase angle Thus at a certain instant when there is a positive current of 
magnitude AB, Fig 10, the phase angle is 30“, or when the current has a 
negative value CD, the phase angle is 270° 

Often we arc concerned with the phase difference between two different 
alternating currents at the same instant, or between the phase angle of the 
alternating voltage and the corresponding current It might be thought that 
It any instant the phase angle of the current would be exactly the same as that 
of the roltage, but, although that is true in some circuits, it is by no means 
alway s so It is possible, for example, to have the state of affairs represented 
m Fig 11, where the full 1 ne represents the variation m voltage, the dotted 
line, the corresponding variation in current It will be noted that when the 
roJtage has a maximum value, the value oi the current ss zero In this case, 
there is a phase difference of 90°, the current lagging behind the voltage by 
that amount 

Such a phase difference actually exists when we are dealing with an induct- 
ance of negligible resistance If the resistance B cannot be neglected the 
phase difference between current and voltage (for an inductive resistance) is 




^4 AI TERNATING CURRENT S 

gw.„ hy CAB m F,s ^ Call ng th,a angk a, «e at once that 

Its value may be found from the simple rehtit ii 

AB __ resistance 
** AC impedance 



Thus m the example worked out on page 9, wc find the amotint the current 
lags behind the voltage by evaluating a, where 
SO 

cos 0 £ = • 


Hence, phase angle — 66° 8 

In a nontnducUve itreuit, such as one contammg an ordinary incandescent 
lamf^ the reactance is negtigiblcy the current and the voltage are in exact stefs 
and there is no difference in -phase 


\j/ 12 Power Factor — When alternating current flows m a circuit, at 
a-ny imtant, the power in watts = current in amperes X potential difference 
in volts The practical problem, however, is to find the average value of this 
^ product over a complete cycle When this is done, we get the expression 
actual power 2 = VI cos where 

V voltage recorded by A C voltmeter, 

I = current recorded by A C ammeter, 
and a — phase difference between current and voltage 

The following three different cases should be noted 
(«) A nonmductive circuit 

Here ® = 0° or the current and the voltage are in step and the power ~ 
VI watts, as in D C 

\ (i) An inductance of very small resistance 

In ths case « is very nearly equal to 90°, cos a = 0, and the power = 0, 
which means that Jictually there is no power loss in a reactance such aS a 
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choke coil, if the rcsKtancc is su/ncientl) low This appirentli strange result 
mcms tint the cnerg) stored in the surrounding medium (the magnetic field) 
m one pirt of the c) clc, returns to the circuit in another A circu t or port on 
of 1 circuit to which this applies is said to he v.attless It is for this reason 
that a choke coil is a more efficient wa) of chancing the strength of an alter 
nating current than an ordmarj rheostat in which the power is dissipated 
as heat 

In a practical choke coil some such dcncc as changing the posmon of an 
iron core, enables tlic operator to alter gradually the magnitude of the induct 
ance and so gradiiall} to lar) the current 

(e) An inductive resistance, such as an ordinar) electromagnet or the pnmary 
of 1 transformer. 

As an dlustratinn, consider an electromagnet, of resistance 50 ohms and 
inductance 0 3 henr) , attached to a suppl) voltage of 1 1 0 AC As we have 
aircadj seen on pages 9 and 14, the impedance is 123 6 ohms, the current 0 89 
amperes, and the phase difference between current and voltage 66°8^ Hence, 
the power dissipated in the electromatrnet 

- no X 0 89 X cos 
= no X 0 89 X 4045 

— 39 6 watts 

The value of cos « (in this example about 0 4) is called the foioer factor It 
will be seen that unless US magnitude is known, we cannot find the actual 
power consumed bj an inductive circuit 

The student wall realize that instead of using the phase angle, the power 
resistance 

factor can he f lund at once from the ratio , or, m the above example, 

impedance 

1 

It IS equal to • 

13 Capacitance and Phase Difference — -When a circuit attached 
to an A C suppl) contains capacitance and a negli'uble resistance, there is 
a^ain a phase difference between current and voltage, but tbs time the 
current is 90° ahead of the voltage If the resistance is not negligible, the 
phase angle b) which the current leads the voltage is less than 90°, being m 
fact equal to the angle BAC in the triangle of Fig 9 

As far as phase d fference is concerned, it is important to realize that 
inductance and capacitance have opposite effects current lagging because of 
inductance, leading because of capacitance Hence, in a circu t conta ning 
res stance, capacitance and inductance, wc may have current either lagging or 
leading, or, m the special case where the inductive reactance is equal to the 
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capacitive reactance, the current is in phase with the voltage. The three cases 
are represented graphically m the diagrams of Figs 12A, 12B, and 12C. In 
each of these figures, the resistance 
9 9 ? IS represented bj //B, the mductuc 
j t I reactance by BD, the capacitive 

j I I reactance by DC, and the imped- 

ance b) /fC. In Fig 1 2C, where 
'C the inductive reactance is equal to 
the capacitiie reactance, ABC rep- 
resents both the resistance and the 
impedance, and we ha\ e the condi- 
tions for resonance to which refer- 
ence VI as made at the end of section 

Fig IZA Combination of indiicuvc and capaci /• n i_ tr 

tive reactance BD represents the inductive -It follows that a, the phase ult- 
reactance DC the capacitive reactance, yTC the ference between current and volt- 
impedance 

age, may be made anj desired 
value by suitably varying capacitance and inductance This is of importance 
when it IS desired to reduce power loss If a given amount of power — so 
many watts — is to be supplied at a fixed voltage, evidently. Since power sup- 




plied — VI cos a, the larger the power factor (or the smaller «), the smaller 
the current necessary Since power loss due to resistance is PR watts, smaller 
currents mean smaller power losses 
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PROBLEMS AND QUESTIONS 

1 Describe a simple experiment to illustrate the difference between an inductive and 
nomnductive circuit 

2 Describe, with reference to a simple experiment, the meaning’ of the inductance of 
a circuit What effect ha* a high inductance when a direct voltage is applied’ 

3 When 110 volts D C are applied to the terimnaJs of an electroniagnef, the current 

is 2 5 amp , whereas when 110 volts AC are applied the current is only 0 S amp 

Explain clearly the reason for the difference 

4 An electromagnet has a resistance of 30 ohms and a reactance of 40 ohms (for 
AC of 60 cjcles per sec) Find (i) the impedance of the electromagnet, (ii) the 
inductance in henries /nr (i) 50 ohms, (ii) 0 106 henry 

5 Distinguish between impedance and resistance 

6 When 60 cjcles per sec A C is used, the impedance of a coil is found to be 40 ohms 

If the resistance of this coil is 1 0 ohms, find its inductance in henries Jaj 0 103 

7 The reactance of » coil vs hen used with 60 cjcles per sec AC is 50 ohms Find 

Its inductance /nr 0 13 henry 

S When 110 volts alternating are appl ed to an electromagnet of resistance 30 ohms 
an A C ammeter in the Circuit records 0 5 amp Find (i) the impedance of the electro 
magnet, (ii) its reactance, and (in) its inductance (in henries), if the AC is 60 cjcles 
per second /nr (i) 220 ohms, (n) 217 9 ohms, (in) 0 SS 

9 When 110 volts alternating, frequencj 60 cjcles per second, is applied to a coil 
with some resistance and Vvith inductance equal to l/lO henrj, the resulting current is 
2 0 amp Find the current when 1 10 volts direct is applied to the same coil /«r 2 75 

10 (it) When a flat circular coil of 2000 turns, with a mean radius of 5 cm , carries 
a direct current of I amp , the magnetic field inside the coil has a mean value of 50 
oersteds Assuming the field to be uniform, calculate the number of IinLages for this 
current, and hence the inductance of the coil (m henries) (i) If this coil had negli- 
gible resistance and 110 volts, 60 ejele per sec alternating, u applied to it, find the 
current /mi (a) 7 85 X 10®, 0 078, (b) 3 7 amp 

11 When a coil of resistance 40 ohms is joined to a supplj of 110 volts, alternating, 
an A C meter in the circuit records 2 0 amp Find (i) the inductive reactance of the 
coil, (ii) Its inductance, if the frequency of the AC is 60 CjcIes per second) (in) the 
number of linkages when the coil carries a steady current of 2 amp 

12 An incandescent lamp and an electromagnet arc joined in series across terminals 
between which there IS a P D of (i) 1 10 volts direct, (n) HO volts alternating In 
which case is the lamp the brighter’ Explain jour answer 

13 If the electromagnet in 12 is replaced by a condenser of fairly large capacitance 
what difference is now observed’ 

14 One hundred and ten volts, direct, are applied to an electromagnet whose true 
res stance is 55 ohms Find (i) the final steady current, (») the back E 'I F (or 
EM F of inductance) at the instant the current, just after the circuit has been closed, 
has reached the value 1 amp /nr SJ volts 

15 One hundred and fen volts, alternating, are applied to a coil of nanv turns, vvho«e 
inductance is I henry and resistance J I ohms joined in series ■with a condenser of capacw 
tance of 25 microfarads (a) Calculate for what frequency the inductive reactance is 
equal to the capacitive reactance (i) Calculate the current for this frequency /«/ 
(«) 318 cjcles per see ) (4) 10 amp 



CHAPTER II 


PRODUCTION OF HIGH VOLTAGE PART I. 
the induction coil and the transformer 


To operate any type of x-raj tube, a voltage very much m excess of tho« 
encountered m ordinary circuits must be available Actual values range froro 
less than 10,000 to more than 1,000,000 volts In this chapter our attention 
IS confined to means of obtaining potential differences which do not cxcccU 
200 000 or 250 000 volts 


14 The Induction Coil — In the early da>s of x-ra>s the induction 
coil was the apparatus used for developing the voltage necessary to operate an 
x-ray tube Although the coi! is prac- 
tically obsolete in modern roentgenology , 
it still has Its uses, in the phy siology lab- 
oratory, for example, and the student 
IS well advised to recall its mam features 
The basic pnnciple is that of electro- 
magnetic induction A direct current 
flowing in a pnmafy coil wrapped about 
an iron core is regularly made and inter- 
rupted, and, m consequence, an induced 
E M F IS developed in a secondary 
Fig 13 Primary and secondary circuits cq{[ vvrapned about the pnmarv On 

of an induction coil with hammer break „ ^ , 

make of the pnmary circuit, when 
the lines of force are introduced, this E M F is in one direction, on “ break,” 
when the lines disappear, m the opposite d rection 

To make and break the pnmary circuit, an mterrupter is used At one time 
three different types, the hammer, the mercury, and the electrolytic were «i 
general use, the last two being suitable when heavy power loads were needed 
As the transformer has entirely supeneded the cOil where heavy loads are con- 
cerned m this text reference is made only to the hammer interrupter Figure 
13 shows the essential features When the switch K is closed, a direct current 
flows m the pnmary coil provided the contact points P and P, are touching 
One of these contacts P is at the end of a screw passing through the rigid 
support D The other P, is attached to the metal spnng S which in its turn 
IS ngidly fastened at the end O but is free to vibrate at the other end At this 
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end It js loaded with the piece of soft iron H Normal]}, when no current 
IS flowing, P and Pi are m contact. Hence, on closing the switch the circuit 
IS completed, a current flows, the iron core is magnetized, the hammer H is 
attracted, the spnng moves to the dotted position, the contact points P and Pi 
are separated, and the arcuit broken The primary current then drops to 
zero, the core loses its magnetism and the hammer is pulled back to its initial 
position by the elasticity of the spring aided by an additional spnng not 
shown in the diagram The action, which so far is essentially the same as 
that of an electric hell, is then repeated, the pnmary circuit being automattcall} 
made and broken, with a resulting induced E M F in the secondary, in one 
direction on make, in the opposite on break 

By using a large number of turns in the secondary very high E M F may 
be induced, provided the magnetic lines are introduced or removed quickly 



enough, that is, provided the time of make or of break is short enough Actu- 
al!}, in a good induction coil, the time of break is so much less than that of 
make that the E M F induced in the secondary on break is enormously greater 
than that on make In a small coil used by the students in one of the writer’s 
classes, on a single break of the primary, it is possible to obtain a spark between 
the secondary terminals of about one centimeter, whereas on make the E M F 
IS so small that no spark at all can be detected The explanation for this differ- 
ence depends on more than one factor To begin with, because of the E M F 
of inductance in the pnmar} coil itself (see section 6), there is a delay in the 
rise of the current to its maximum value and the time of make is prolonged 
For the same reason, on break, unless special precautions are taken, the E M F 
of inductance causes marked sparking at the contact points (where the break 
occurs), sparking which ma} be followed b) laporization of the metallic termi 
nals and resultant arcing To suppress this sparking and arcing, which pro 
longs the time of break, a condenser C is placed ac'oss the contact points This 
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condenser prolongs still further the time of make, because on make a certain 
quantity of electricit) flows into it On break, the induced E M I causes i 
further charging of the condenser and the current is not prolonged b) bad 
sparking and arcing If the mechanical device pulls the points apart quickl), 
then a very rapid break is made, with a corresponding high E M b m the 
secondary In a good coil this E M F , as already noted, is so much greater 
than that induced on make, that the secondary terminals ma) be marked, one 
positive, the other negative, as if the coil developed a unidirectional high volt- 
age In a poor coil, this is far from being so 

In Fig 14, the graphs give a general idea of the behavior of the pnmar) 
current and the corresponding E M F induced m the secondary 

The name jaradic is sometimes given to induction coil currents It will be 
seen that they are charactenzed by abrupt changes, markcdl) different from 
the smooth, gradual changes of sinuso dal currents (see section 81) 


15 The Transformer — For voltages up to about a quarter of a million, 
the common device used in x-ray outfits is the transformer Here again the 
pnnciple is that of electromagnetic induction In Fig 15, ABCD represents 
a senes of sheets of soft iron put together to form a core of the shape illustrated 
A coil of wire P the pnmary, connected to an alternating source of potential 
difference, is wrapped about one arm of the iron core, while a second coil 5, 



Fxc 15 Primary and secondary of a simple 
closed core transformer 


the secondary, is wrapped about an- 
other part (or overlapping the pn- 
mar)) When the pnmary circuit 
IS closed, the resulting magnetic field 
IS continuously changing, the number 
of lines nsing to a maximum in one 
direction, then decreasing to zero, 
then increasing in the opposite direc- 
tion Whenev er the number of link- 


ages IS increasing,* there is an induced 
E M F in the secondary m one direction, but when the number is decreasing 
increasing with the lines reversed) the E M F is in the opposite direction 
The induced voltage m the secondaiy, therefore is alternating and of the same 
frequency as that of the pnmary current the relat on between the two being 
somewhat as shown m Fig 16 

The magnitude of the secondary E M F is approximately as many times 
greater (or less) than the pnmary voltage as the total number of turns m the 


* An increase of 1 
oppos te d rect on 


direction has the same effect as a decrease of lines in the 
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secondary is greater (or less) thin the number in the primar) To understand 
wh) this IS so, It IS necessarj to realize that there is an induced E M F (the 
E M F of inductance discussed in section 0) in the pnmarj coil itself and that, 
when the secondirj circuit is open so that no power is taken from the trans- 
former, the onl) function of the pnmarj current is to maintain the alternating 
mssnetic field Onl} a small current is necessary for this If the primary 
resistance is small, the actual \oltage necessar} to maintain the current is very 
small also and therefore the E M F of inductance is almost equal to the 



Fio 16. Graphical representation of current in pnmary of a transformer 
and of corresponding induced voltage in secondary 

applied voltage, just as when a direct current motor is running freely without 
an} external load, the back E M F m the armature is almost equal to the 
"pplicd voltage Now since the same lines of force cut each turn of both 
pnmaiy and secondaiy , the induced E M F per turn m the secondary must 
be equal to the induced E M F per turn in the primar} Hence, 

resultant secondar} E M F = F M F of inductance m pnmary 
number of turns in secondary 
number of turns in primary 

Therefore, since appl ed voltage across pnmary is nearly = E M F of induct 
ance, we may wnte with little error. 


EMF 


secondary = pnmary voltage X 


number of turns rn secondary 
number of turns m primary 


Thus, if 110 volts are applied to the pnmar} of a transformer for which the 
ratio of secondary to pnmarj turns is 1000, the secondary E M F. is about 
110,000 volts 

The secondary EMF ma} be either higher or lower than the pnmary volt- 
age In a sfef down transformer, such as is ised for heaUng the filament of 
an x-ra} tube (section 58) or a rectif}ing valve (sect on 57), the voltage is 
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low ered In step~up transformers, the secondary voltage is greater, and as we 
has c already seen, may reach or exceed 250,000 volts 

16. Insulation. — As the high tension voltage becomes greater, the 
problem of good insulation becomes more difficult Injunous sparking may 
occur between different parts of the secondary or between the secondary and 
Its surroundings At one time some x-ray transformers were impregnated 
with wax, but this method prosed unsatisfactory even for onlj moderately high 
voltages Air bubbles developed and sparking took place through the cavities 
thus formed Good high tension transformers are now immersed in oil, a 
method w hich not only provides better insulation but has the further advantage 
that because of cons ection currents heat is dispersed more rapidly. 


17. Efficiency and Power Rating of Transformers — When the 
sccondarj circuit is closed, a current flows and power is delivered to this circuit. 
Automitically * more power is delnered by the supply source to the pnmary. 
The transformer, therefore, may be looked on as a mechanism for receiving 
power at one \oltage and current and delivenng it at a different voltage and 
current IncMtably there is some loss in the transaction, although a good 
transformer may hase an efficiency greater than 95 per cent The energy 
tosses mi) be grouped under two headings (a) iron losses, (^) copper losses 
Under (n) we include (i) the loss due to hysteresis, ansmg from the magnetiz- 
ing and demagnetizing of the iron core, and (ii) the loss due to eddy currents 
in the mass of the metal The former loss is reduced by choosing a type of 
iron in which the magnetism lags behind the magnetizing field as little as 
possible, and the latter loss by the use of laminated cores 

Copper loss is ibc name given to the heat loss ansmg from the resistance of 
the wire carry ing the current The magnitude of this is equal to PR watts, 
w ere 1 IS the customary symbol for the current in amperes, and R the resist- 
.incc in ohms 

ohtlne?! ’ll ^ high efficiency is not 

thes arc in Vc secondary coils arc more closely coupled than 

the seconds '*^1 coupling is obtained by winding the pnmary and 

.he .l«e .osether, 1,„, ,s ,hc of .h„ ..x. „ to expl4 pnncple, 

mir 1. h. I f™n Ik7f”r<,'r,"c ' By w" u' “j"”' 

th' thine ng mignetic flux Jf i,n„ Heretorc, ihe secondary current will oppose 
tpivn ng the mccriw Thi. reluction m fl"" '""ease, it svill create a eounterfiehl 

tarce m the primary . an 1 hence the nr, mars cur^ren, n ^ ^ 

I r\ current «\i|| automatically increase 
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nthfr tJnn tec/inicnf demis, c\TCt inetlioJ'i ttf coastnicting tnnsformers will 
not lie dcscnlHril 

In ordin-irj prolilenis it I'i iiiinl tn issiimc tint the trmsformcr is 100% 
e/Bainf / Ac /n/fotting cMitip/e nnj he 

In a step up transjormer, the secondt\r\ has lOOO Umes ns many ttsrns as 
the Primary Ip iO ttiilltamprres are delttrnd at 100,000 volts, find (i) the 
primary current, (tt) the primary voltage 

Since the scconthr} E M F is 100,000 soils, and the ratio of the number 
of turns in second ir) tr> that in pnimr) is 1000, 

, 100.000 , 

primarj \oltagc = — • = 100 volts 

Jf the transformer IS 100% efficient, then primary volnge X pnmaiy current 
= secondar) voltage X secondar) current, or 

100 X /p = 100,000 X 010 

or /p = 10 amperes 

Or, iltcrnatelj \vc maj find the pnmarj current at once, from the fact that, 
if the secondaiy voltage is 1000 times greater than that applied to thepnmar^, 
thcsccondar) current must be 1000 times less Hence, 
pnmarj current = 0010 X 1000 
= 1 0 amperes 

18. Transformer Rating. — When a radiologist bujs an x-ray trans- 
former, he IS interested in knosving not only what maximum voltage a machine 
IS able to deselop but also what current it uill deliver at this or lower voltages 
Hearing this in mind, .at least one firm* has adopted a standard means of 
specif) in under three conditions of usage, the peak voltagep (not the RMS 
value), and the corresponding current as read on the miJhammeter placed in 
the secondary circuit (see section 20) The three conditions are (a) con- 
tinuous use of the transformer, (A) use for a “ short ” penod, that is, for a 
time nof exceeding 30 seconds, with rest intervals fiie times as long, and (e) 
momentary use, that is, for a time not exceeding 1 second, with a rest penod 
of at least a minute in between For example, a certain transformer is adver- 
tised as having an output of 120,000 volts, peak, at 25 ma for continuous 
use, or 1 10,000 volts at 60 ma for a short time, or 100,000 volts at 100 ma , 
for momentary use 

* Watson A Sons (Plectro Medical) Ltd , London England 

+ In mail) branches of x rav work, as will be seen later, the peak soltage is more 
important than the average value 
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19 Rectification. — Foi the sntisUctory ti« of m x-ray tube the v^tagc 
applied to It must be umd.rectionnl It may be mtenmttent, but unless «s 
direction ,s alwajs the same (and correct) the effect on the t^ay be 
disastrous As a rule, therefore, ynct the high tension transformer develops 
an altern^ngj: MF some rectif^n^ de_vice is needed so tbit the ^age 
appW to the tube is always in thF same direction. Rectification of this kind 



Fig 17 Rectifying disc Wires A and B Fig IS Position of rectifying disc one 
are joined to secondary of transformer half cycle after that of tig 17 


is done either by a mechanical rectifier or a recttjymg valve, using a heated 
filament Although the latter method has almost superseded the former, an 
explanation of its use must be postponed until the important principle of 
thermionic emission has been discussed (in section 56) 

The pnnciple of the mechanical rectifier should be clear from a considera- 
tion of Figs 17 and 18 In these figures A and B represent heavy lead 
wire coming directly from the high voltage side of a transformer. Each 
circle represents a disc which may be rapidly rotated and is made of some good 
insulating material Attached to the disc are four projecting pieces of metal 
(I, 2, 3, 4), 1 and 2 being connected by a piece of wire or strip of metal, 
similarly 3 and 4 As the disc revolves, these pieces touch fixed metal brushes 
(a, A, e, A), a and b being attached to the lead wire A and B, while by means 
of c and d, connection may be made with a circuit containing an. x-ray tube 
Suppose, now, that as the disc rotates, it reaches the position indicated in 
Fig 17 at the moment the voltage between A and B is a maximum (the 
“ peak” of the sinusoidal curve), A being +, B — . At that instant, then, 
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1 current will flow from to « to 1 to 2 to d, through the bulb in direction 
A’ to I , back to c to 4 to 3 to i to the other lead wire B Suppose further that 
dunng the time of one half a cycle, the disc revolves to the position shown in 
Fig 18 In that case, since the vokage between J and B is now once more 
a maxirniim but with A — and a simple inspection of the diagram in 
Fig 18 will show that the current flows from 5 to i to 2 to 1, through the 
bulb in the same direction as before, to 3 to 4 to a to yf In other words, 
// the due can be rotated at ths very exact sfeed, then the current through 
the bulb will alwajs be unidirectional In the secondaiy coil of the trans 
former, of course, it is alternating, just as before This exact co relation 
between the speed of the rectifying disc and the frequency of the alternating 
current is obtained by means of what is called a synchronous motor This is 
an A C motor which runs at a single speed only, because its armature changes 



Fic 19 S mplified connections of a transformer high tension circuit, with mechanical 
rectifier 

Its position in exact sjnchronism with the changes of the current An x-ray 
transformer outfit with mechanical rectifier must include such a motor, solely 
for the purpose of keeping the rectifying d sc revolving at the criucal speed 
Moreover, since the sjnehronous motor runs at one speed only, frequently a 
second (starting) motor is necessary in order to bnng the ^nchronous motor 
up to the desred speed Sometimes the use of a second motor is avoided by 
having a synchronous motor constructed with an additional circuit which, bj 
means of a special starting switch, is put in use for a few seconds and enables 
the machine to run as a different kind of motor until the cntical speed is reached 
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19 Rectification — For the sitisfnctory use of nn \-ray tube the voltage 
applied to It must be unidirectioml It may be intermittent, but unless its 
direction is always the same (and correct) the effect on the tube maj be 
disastrous As a rule, therefore, ^smce the high tension transformer develops 
211 2 lternating_E M F some rectij^gjt^]cc is needed so that the voltage 
applied to the tube is always in the same direction Rectification of thlsTcind 



rLz tsr 

wre com t d I ^ "P™™ heavy lead 

e.rde“™ Lt a dlsUrht “ '«»sfo™ev ^Each 

insulating matcnal Attached / K ^ niade of some good 

(1, 2, s! T) l and fbe,t V /f P'“'* »' 

similarly 3 and 4 As the disc°”"T*' u ^ metal, 

(a, d, tL), a and h be.„: aUacbed r'” 

of c and connection mav he mtid u ^ 1*7 means 

Suppose, now, that as the disc r t 7'^ ^ circuit containing an x-ray tube 
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Z B . At that instant, then, 
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a current will flow from to to 1 to 2 to <f, through the bulb m direction 
X to Y, back to c to 4 to 3 to ^ to the other lead wire B Suppose further that 
dunng the time of one half a cycle, the disc revolves to the position shown in 
Fig 18 In that case, since the voltage between A and B is now once more 
a but vfrth A~ and. S+, a simple mspettion oi the diagram m 

Fig 18 will show that the current flows from £ to d to 2 to I, through the 
bulb m the same direction as before, to 3 to 4 to « to /f In other words, 
tf the disc can be rotated at this very exact sfeed, then the current through 
the bulb will always be unidirectional In the secondary coil of the trans- 
former, of course, it is alternating, just as before This exact co-rtlation 
between the speed of the rectifying disc and the frequency of the alternating 
current is obtained by means of what is called a synchronous motor This is 
an A C. motor which runs at a single speed only, because its armature changes 





Its position in exact sjnchromsm with the changes of the current n 
transformer outfit with mechanical rectifier must include such a me ^ ^ 
for the purpose of keeping the rectifying disc reiolvmg at the enn 
Ioreo^e^, since the sinchronous motor runs at one speed on f> WT- 
Second (starting) motor is necessar) m order to bring the 'vne 
«P to the desired speed Sometimes the use of a second mohir ^ 

Slaving 3 synchronous motor constructed with an adJitxmal 
*fteans of a special starting switch, is put in use for a few 
’be machine to ran as a different kind of motor untfl the crncal 
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20 Operation of Transformer with Mechanical Rectifier. — A 
complete circuit, somewhat simplified, is shown in Fig 19, where X and Y 
represent supply terminals, 110 or 220 A C The supply mams branch into 
two circuits, one supplying current to the synchronous motor, and controlled 
by switch I, the other supplying current to the primary of the high tension 
transformer, controlled by switch 11 In addition, there is the high tension 
circuit, including the secondarj of the transformer, the x-ra) tube and a mil- 
liammeter MA, with the rectifying disc placed so as to send a unidirectional 
current through the tube The diagram should make clear without further 
explanation the connections of the tube circuit It may be stated, however, 
that the parts of the rectifying arrangement are labeled as in Figs 1 7 and 1 8 
To operate with such an arrangement, the tube* is first placed in position 
and connected to the high tension terminals C and D This circuit is then 


closed as illustrated in the figure Next the synchronous motor is brought 
up to speed In the arrangement we are considering this is done by throwing 
switch I to the side marked “ start,” thus utilizing the starting motor, until the 
requisite speed is attained Switch I is then thrown to side marked “ run ” 
and left there The rectifjnng disc is now running at the necessary exact 
speed and may be left so for some length of time In another machine, as 
a read} noted, there might be only a single motor, with special starting switch 
closed initially for two or three seconds 

Finall}, switch II, the so called x ray switch, is closed, thus allowing current 
to flow ,n the pnmary of the transformer The resulting high induced 
M in t!^ secondary then causes a current through the tube and mfl- 
K 1 ^ Purpose of the rheostat is to alter the pnmary voltage, and 

detail in the next chapter 


nof L d ffi ? ! ,t should 

no. IK d fficul. sen that the ,„be current ,s .u.erm.r.en? A glance a. 

.n .haTdtcn^h " ' '>>' !>”•'<>■' “'■‘'““'I 

touches a "met 1 current through the tube because neither a nor b 

Twlgrtr t 7''T '-S* of <'n.e .he current „ 

..me m.er,au7,eL: " ar t and Tu i"'* « ^hts 

If It is ten short onlv the^" ir ‘^‘^crent machines 

. ‘■"V the peaks of the voltage values will be utilized as 

(Chapter % I) Tbi,^ WveVdwrnot alter t% necessary 
explained at this stage ^ principle of the general arrangement 
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represented gnphicilly bj the short heivy ]ine in Fig 2la If the time 
intervil is i little longer, a greater port on of the whole range of voltage values 
will be utilized, the short heavy lines extending to the dotted parts It is well 
to note further that, in order to util ze the peak voltage, the disc must be in 
proper alignment, that is, when it is in the position represented by Fig 1 7, the 
voltage across and B must be at its maximum value Sometimes the disc 
slips on Its rotating axis and gets out of alignment To readjust it the services 
of an electncal engineer may be necessary 





Fig 20 Position of recti 
fying disc when no current 
IS passing 



22 Polarity Indicator — Not onl> must the current through an x-ray 
tube be Unidirectional but it must be in the right direction Now, if one went 
through the senes of operations which have just been oudined, it might be 
found on closing switch H that the voltage was applied to the tube m the wrong 
waj Just how one would know that will be explained later Jn fact, jf 
one began one hundred times at the beginning, with all switches open, it 
would be found on closing the x ray switch II, that on the average fifty times 
the voltage was right, fifty times wrong In other words, with the above 
procedure, it is just an even chance whether the voltage is right or wrong A 
glance at Fig 17 will explain the reason for this In this figure it has been 
assumed that when the disc is in the pos tion ind cated, A is positive and B 
negative Now, when it is brought up to speed, there is just as good a chance 
of y/ being negative and B positive, as vice versa iVjth the above simplified 
arrangement, therefore, when the x ray switch is closed, one would never 
know whether the voltage applied to the tube would be in the nght or the 
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MEASUREMENTS AND CONTROL OF 
HIGH TENSION VOLTAGE 


In operating roentgen tubes it is higWj important not only to be able to 
\ary the voltage applied to the tube, but also to know its actual magnitude 
In this chapter important methods of doing these things are discussed Refer- 
ence IS first made to seieral methods of measunng high voltages 


23. Spark-gap Meter. — The principle of this method IS extremely 
ample — the greater the potential difference between two conductors, the 
longer the spark, between them when the air insulation breaks down Spark 
lengths may thus be equated to corresponding voltages, but in doing so one or 
two precautions must be considered To begin with, the spark length depends 
on the shape and size of the conductors, as well as the potential difference 
between them The same voltage gives a different length between two 
pointed than between two spherical conductors, and still different if one con- 
ductor IS a sharp point, the other a plane The length even varies for spherical 
conductors of different diameters, as wfll be seen by a glance at Table II 


(taken from Ka}e and Laby’s Tables).* i 

It will be noted that the lengths given in this table are for air at 25 C and 
760 mm pressure For different values of both temperature and pressure, 
a correction must be made because these factors also affect the spark length 
for a given voltage Table III, for example, gives the correction which must 
be applied to the values given in Table II, for a fevv other temperatures ai^ 
pressures To illustrate, with spheres of diameter 10 cm , at a pressure 
740 mm , and temperature = 20°C , the voltage corresponding to a spark 
length of 2 02 cm , is not 60,000 but 60,000 X 0 99 a , r tKp 

To some extent the spark-over voltage depends also on the 
air, and for highly accurate work correction has to be made for th. factor 
A B. Lewis has shown that, for voltages of the order 
increase in spark-over voltage, for a fixed gap, P" 

each millimete, of vapor pressure of water m the atmosphere 

* « Physical and Chemical Constants and Some Mathematical Functions.” by G W C 
Kaye and T H Laby Longmans, Green and Co 
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coNTRot or Hrorr rENsrov voltagi : 


Table U — (sparking voluoes at 25“ C and 760 mm iressobe) 


Kilo Volts 
(peak) 

Needle 1 
No 1 
Neiv SewJ-nj 


sphere* 

00 

y Needles 

Diatnecer 

5 cms 

Diameter 

Diameter 

25 cms 


cms 

inches 

cms 

cms 

cms 


gap 

g«P 

gap 

gap 

gap 

10 


0 29 

0 30 

0 32 

15 

1 30 

0 SI 

0 44 

0 46 

0 48 

20 

1 75 

0 69 

0 60 

0 62 

0 64 

25 

2 20 

0 87 

0 77 

0 78 

0 81 

30 

2 69 

1 06 

0 94 

0 9S 

0 98 

35 

3 20 

1 26 

1 n 

1 12 

1 15 

40 

3 81 

1 SO 

1 30 

1 29 

1 32 

45 

4 49 

1 77 

1 SO 

1 47 

1 49 

SO 

5 20 

2 05 

1 71 

I 65 

1 66 

60 

6 81 

2 68 

2 17 

2 02 

1 01 

70 1 


3 47 

2 68 

2 42 

2 37 

80 

1 8 81 

1 

1 0 26 

1 2 84 ' 

1 74 

90 



3 94 

3 28 

3 n 

100 



4 77 

3 7S ' 

3 4^ 

no 



5 79 

4 25 

3 88 

120 




4 78 

4 28 

130 




S 35 

4 69 

140 




5 97 

5 10 

150 




6 64 

S 52 

160 




7 37 

5 95 

170 




8 16 

6 39 

180 




9 03 

6 64 

190 

200 

210 

220 

230 

240 

2S0 

L 

L 


10 0 

11 0 

7 30 

7 76 

8 24 

8 73 

9 24 

9 76 

10 3 


Table HI 


Temp 1 

Pressure, 

720 mm | 

Pressure, 

740 mm 

Pressure, 

j 760 mm | 

Pressure, 

780 mm 

0“ 1 

10 1 

20 

30 

r 1 04 j 

i 1 00 1 

0 96 
! 0 93 

^ 1 06 1 

i V 02 1 

0 99 
{ 0 96 

1 09 1 

1 1 OS ' 

1 02 

1 0 93 

1 12 

1 08 

1 04 

1 01 
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In actuil use a spark gap meter with spheres of i standard size is placed 
across the terminals of the tube, as shown m Fig 22 With the tube running, 
the distance between the gap termmaJs is gradually lessened until a spark takes 
place. To protect the surfaces of the 
spheres from injury due to excessive 
sparking, senes resistances RR of many 
thousand ohms should be placed as 
illustrated It is important to note that 
a current should actually be flowing 
through the tube when the reading is 
taken If no current is in the tube 
circuit, the length of the spark measures 

the E M F or maximum voltage cot -ii c u .i. . . 

® ° tic 22 Sphere gap with protecting rcsist- 
Up b} the transformer When a cur- ors for measurement of voltage across an 
rent IS flowing, the voltage across the ray tube 

tube IS less, sometimes veiy much less, than this E M F because of the drop in 
potential in the secondary co3 (See also section 25 ) 

24. Corona — Before leaving the subject of sparking potentials, attention 
is directed to the difference between a spark ana corona or brush discharge 
In the case of a spark the electric field between two condlictors (one of which 
may be the earth) becomes so intense that the air resistance breaks down along 
what IS practically a continuous path between them A discharge passes, ac- 
companied by a crackling sound and marked luminosity If a conductor is 
at high potential, the air in its immediate vicinity may become conducting 
without a complete breakdown between it and another conductor In this 
case, a feeble discharge takes place, accompanied by a glow called the corona, 
which can be seen in a darkened room The smaller the dimensions of the 
conductor, the more the hkel hood of a corona discharge In the early dajs 
of roentgenology, the high tens on lends running to the x raj tube were fre- 
quentl} narrow wires wh ch were wound on a small reel With these marked 
corona was a common experience Corona is undesirable, because it means 
not only a loss of energy, but also the danger of the formation of undesirable 
ozone and oxides of n trogen It can be avoided, as it now invanaW} is, by 
the use of conductors of large s ze, kept well apart and well away from 
the earth 

25. Primary Voltmeter — The most common and certainly the most 
convenient, if not the most accurate, method of measuring the potential dif- 
ference across the terminals of a tube consists in the use of an ordinary A C 
voltmeter across the primary terminals of the transformer The higher the 
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pnraary voltage, the greater the E M F m the secondary and the greater the 
voltage across the tube Hence in any given outfit, the scale of the voltmeter 
may be marked to read tube voltage instead of the primary voltage which it 
reall} records Unfortunately the scale can be exact for only one value of 
the tube current It is true that for each primary voltage, there is a cor- 
responding E M F induced in the secondary, but, as we have already noted, 
when a current is flowing in the tube circuit, the potential difference across 
the tube terminals is less than the E M F because of the voltage drop in the 
secondary winding Now this voltage drop depends on the current, being 
greater the greater the current, hence for the same primary reading of the 
voltmeter the potential difference across the tube will decrease as the tube 
current increases For example, m a certain x-ray transformer, for a primary 
voltage of 80, a spark-gap meter across a tube gave a reading of 3 06 inches 
for a tube current of 10 ma , but only 2 85 inches for a current of 30 ma , 
volts, the spark lengtn was 4 51 inches for 
10 ma , but only 4 10 inches for 30 ma 
For very exact work, therefore, it would 
be necessary to have a separate scale on the 
primary voltmeter for each tube current 
If the tube is to be used with only a narrow 
range of currents, this is not necessary , and, 
in any case, a primary voltmeter calibrated 
to read tube kilovolts for a single miUi- 
amperage is an extremely useful feature of 
an x-ray transformer outfit Frequently 
all that an operator wishes is to operate his 
tube at the same voltage as used previously, 
with the same tube current. 

26 Electrostatic Voltmeter. — An 
ordinary “ gold-leaf ” electroscope is an 
electrostatic voltmeter, the deflection of the 
leaf measuring the potential difference be- 
tween the charged system and the surrounding earthed case In the Braun 
electrostatic voltmeter, this is put to practical use for measuring voltages of 
the orsler o! a few thousand In this instrument, a movable metal stnp 
t ^ electrical contact with the insulated metal 

rod The surrounding case is grounded When CD is joined to a 

conductor charged to high potential (for example, to one knob of a Wimshurst 
? machine, whose other knob is grounded), the movable rod is 
deflected an amount which is greater, the higher the potential 


or, for a primary reading of 100 



voltmeter 
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For higher potcnthls use is made of the fundamental principle, that, if a 
potential difference of V \o!ts CMsts between two charged conductors, one 
positive, the other negative, they are attracted with a force whose magnitude 
depends on the distance between the con- 
ductors, and on the voltage, being directly 
proportional to If, then, two plates such ^ 
as /i and B, Fig. 24, are maintained at the 
potential difference to be measured, the force of 
attraction between them is proportional to the 
magnitude of this potential difference. If one 
plate IS fixed and the other free to move, this 
force may be measured,* or the arrangement 
may be such that a pointer moaes over a scale ^ and”conI 

an amount w hich is greater, the greater the tJuccor S is joined » ground, ^ 
force, that is, the greater the potential dif- wfilh is^^o^monal 
fcrcnce to be measured. 





b 


Fic 25 An electrostatic voltmeter in which 
potentials of the order of 250,000 volts are 
measured by the movement of the sector /iB* 


As an illustration of an electrostatic 
voltmeter used for voltages of the 
order of a quarter of a million, a brief 
description is given of one constructed 
in the Palmer Physics Laboratory at 
Princeton Unnersity, and desenbed 
in an article by C. VV. Lampson. In 
this instrument the electrostatic pull 
IS measured by the application of a 
Simple pnnciple in mechanics If the 
bob of a simple pendulum is pulled 
aside by a horizontal force F, the 
greater F the greater the honzontal 
displacement x If the ball is very 
heavy, so that it is never deflected a 
great deal out of the vertical, the dis- 
placement X IS directly proportional to 
the force F 

In this type of electrostatic volt- 
meter, a sector AB, Fig. 25, is 
punched out of an 8" hollow copper 
sphere and then suspended so that it is 


♦ In one standard arrangement it is weighed because the movable plate is attached 
one arm of a balance. 
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free to move horizontally with only a small amount of clearance between the 
sector and the remainder of the sphere A rod CD is rigidly attached to the 
sector yfS and the whole hung by a suspension S* A silk thread T is stretched 
between the ends of brass rods / and attached to collars M and M which arc 
rigidly joined to the rod CD This thread, kept under tension by a small metal 
spring, IS wrapped around a drum £ attached to the vertical cylinder LNt 
v/hich is pivoted between fixed supports so that it is free to rotate 

Now when the voltmeter, which is grounded, is brought in the neighbor- 
hood of A terminal charged to a potential V, as in Fig 25a, the phte AB is 
pulled with a force, whose magnitude, as we have already noted, is proportional 
to V’ The plate, therefore, and the whole system to which it is attached 
moves in a horizontal direction an amount proportional to this force Because 
of the action of the thread wrapped about the drum, the cylinder is rotated 
a corresponding amount, and finally, the end of a pointer £ attached to the 
cylinder, moves over a scale Thus, the lateral motion of the sector is 
transmitted as rotatory motion to the pointer ” The position of the pointer 
on the scale, therefore, indicates the magnitude of the pull on the plate, that is, 
of the potential difference between the source of high potential and the 
grounded voltmeter To read m volts the scale must be calibrated In the 
instrument used at Princeton calibrat on was earned out by the use of a high 
resistance and measured current as explained in the next section, and also by 
absolute calculation from fundamental principles of electrostatics and mechanics 


27 Current through a High Resistance — The student will recall 
that when a direct current of / amperes flows in a resistance of R ohms, the 
potential difference between the ends of the wire is IR volts For example, if 
a nnlhammcter indicates a current of 10 ma in a megohm, or 1,000,000 ohm, 
resistance, the potential difference across it is 1,000,000 X 0 010, or 10,000 
\olts Given a sufficiently high resistance, therefore, it is possible to measure 
soltages of the order of those used in x ray work, provided a suitable instrument 
IS asailaWe for observing the (small) current through the resistance when the 
high voltage is applied across a 

F D Owen-KinghasdescribedmtheBntish Journal of Radiology another 
method of utilizing a high resistance to measure the voltage across an x ray 
tube when operated with constant potential outfits This method, which it 
is stated, measures 250,000 volts with an accuracy of 2 per cent, consists m 
measuring the voltage across a very small portion CB, Fig 26, of the high 

• The tphere i» fut irtto iwo hem spheres to enable the apparatus to be placed within it, 
the two pim beuiR sulwriiueMly put together again 
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resistance AB through which a small current flows is a result of the appljca 
t/on of the tube voltage The potential difference between A and B is then 
IS manj times greater than that recorded bj the voltmeter attached to B and C 
IS the resistance of AB is greater thin that of CB For the satisfactory 
operation of this arrangement, certain special constant “ Garbo ” resistances 
were utilized These are “ of specially 
prepared resistance mitcnal immersed 
in ofl and contained in porcelain tubes, 
the oil sera mg the purpose of cooling the 
resistance units and preventing corona 
effects ” 

Further details concerning this method 
will be found m section 186, and m 
Fig, 182, p 255, the reider will find an 
actual photograph of a high resistance 
used for the measurement of high 
aoltages 

28 The Seeman Spectrograph 

— This instrument provides an accurate 
meins of measuring the maximum potential difference across a tube from 
observation of the spectrum of the x-rays emitted by the tube An explanation 
of the principle involved must be postponed until we are dealing with the nature 
of x-raj'S (sec section 117). 

29. Control of Tube Voltage by Rheostat — With the standard 
transformer arrangement, the voltage across an x-ra) tube may be altered 
and controlled by two standard means (1) the rheostat, and (2) the auto- 
trinsformer 

In the rheostat use is made of the famil at IR drop in voltage due to 
resistance (see section 27 again) Suppose the circuit which includes the 
primary of the transformer is arranged as in Fig 27 If, a* the main supplj 
terminils, the voltage is 220 A C , then with this arrangement, the voltage 
across CD, the primary of the high tens on transformer, is less than 220 by an 
amount which depends on the resistance of the rheostat and the current By 
decreasing the amount of resistance (if the power taken from the transformer 
remains constant), the voltage drop in the rheostat becomes less and, therefore, 
the voltage across the primary greater 

In considenng the rheostat method of control of vnltiire, one or two points 
should he noted 


Fig 26 By measurement of the voltage 
across BC a small portion of the very 
h gh resistance m parallel with an 
X ray tube the potential difference 
across the tube may be measured. 
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(fl) A great deal of heat is developed m a rheostat, because whenever a 
current flows against resistance, there is a loss m power equal to PR watts 
{h) Since the drop m voltage through the rheostat depends on the values 
oI both resistance and current, a change in the current may mean a marked 
change in tube toltage, even for the same setting of the rheostat For 
example, if the tube current is cut off without opening the primary circuit* of 
the transformer, the suppl} current in the pnmary circuit drops to a low 
value, the IR drop in the rheostat becomes much smaller, the voltage across 
the pnmary much larger, and, therefore, the E M F in the secondary much 
greater Th s is a disadvantage, because an unduly high voltage may then 
be applied to the tube 

On the other hand, if because of a short circuit m the tube circuit, the current 
suppl ed the primary should suddenly nse, the rheostat control has the ad- 
vantage that automatically the tube voltage will drop In this case, the 



Fic 27 Connections for simple rheostat control of high tension voltage 

ludden rise m current greatly increases the IR drop m the rheostat and so 
causes a corresponding decrease in voltage across the primary The rheostat 
can then be considered as a kind of safety valve m the case of a short circuit 


30 Voltage Control by Auto-transformer. — With the type of 

x-ray tube now m common use, the usual method for controlling tube voltage 
IS by means of an outo-franiformer This is essentially a transformer with 
a single winding whose ends are connected, as shown in Fig 28, to the low 
voltage A.C supply mams From B, one end of the winding and C a point 
whose position may be varied by the use of a number of tappings, wires are 
led to the pnmary of the high tension transformer Because of the principle 
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of electromagnetic induction, between B and C a \oltagc is maintained whose 
magnitude is in the same ratio to the supplj voltage as the number of turns 
of the Winding between B and C is to the number between A and B B} 
altering the position of C, soltages ranging from zero to the full supplj voltage 
m-ty be applied to the pnmarj of the high tens on transformer, and so a cor- 
responding range of voltages developed in the secondary. 



Unlike the rheostat method, auto transformer control maintains a nearly 
constant tube voltage even when the tube current varies, because the potential 
difference between B and C depends on the position of C and is independent of 
current vanations m the supply mams This has both an advantage and a 
d sadvantage It is certainly an advantage to have the high tension voltage 
remain nearly constant in spite of changing loads, because, as we shall sec 
later, the nature of the x-rays emitted by a tube depends on the tube voltage 
On the other hand, if a short circuit develops, it is better not to have the high 
voltage maintained, and m this instance, rheostat control is to he preferred to 
auto transformer. 


PROBLEMS AND QUESTIONS 

> Descr be, with simple diagrams, the two ch ef »a}s of confroJImg fbe voltage 
applied to an x ray tube 

2 Make diagrams illustrating the control of voltage appl ed to an x raj tube, (i) bj 
rheostat (ii) by autotransformer Expb ti also nhj the rheostat act) as a kind of 
safety valve when a « short ’ develops in the tube circuit 

3 How is the voltage across an x ray tube measured^ Describe several means 

4 Explain (i) why a voltmeter across the pnmary of an x raj transformer can be 
(and often is) marked to read secondary kilovolts, (ii) the objection to this practice 
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5 Explain fully the meaning of the following portion of the table placed over the 
control board of an x ray transformer 


Primary 
\ oUage 

Auto transformer 
Button 

Tube Voltage 



10 ma 

30 ma 

80 

3 

77 kv 

72 kv 

90 

8 

88 kv 83 kv 


Hence point out the objection to a prereading kilos oltmeter 

6 Describe two ssajs in which a very high resistance can he used to measure the PD 
across an x ray tube 




CHAPTER IV 

cathode rays 

In the ongjnal type of x ray tube a current passes through a rarefied gas, 
in the hot filament tube a current passes, although the vacuum may be nearly 
as perfect as modern means of exhaustion can make it Before the action of 
either can be understood, it is necessary to consider somewhat in detail the 
whole question of the passage of electricity through a gas 

31 Conductivity of Air — Suppose an electroscope, made with the 
most perfect insulation possible, is given a charge If the deflection of the 
leaf is observed hour after hour it will be found that, although there js an 
extremely slight falling of the leaf, the charge is reta ned even for dajs We 
conclude, therefore, that while air is not a perfect insulator, at any rate it is an 
extremely poor conductor of clectncity (Evidence that air is not a perfect 
insulator has been given impl citl) when it was pointed out that, once the loltage 
across two conductors exceeds a certain value, a spark jumps the gap between 
them ) 

It IS possible, however, to put air into a fairlj good conducting state A 
simple experiment will illustrate one means of doinsr so Suppose a lighted 
match IS held near the projecting end of a charged electroscope It wj] be 
found that in a few seconds the leaf has fallen and the electroscope is dis- 
charged The air in the neighborhood of the electroscope has had its con 
ductivity enormously increased by the presence of the flame In other words, 
the flame is wliat we call an ionizing agent, causing marked ionization of the 
air m its neighborhood 

Suppose we have an arrangement of apparatus similar to that illustrated 
m Fig 29 In this case air from the neighborhood of a flame may he socked 
through a tube LM, into which projects the top K of the insulated rod of a 
charged electroscope With such an arrangement it will be found that as 
soon as the a r from the flame is sucked along the pipe the electroscope begins 
tff .We ,<ts charge Eswlexu-ly air .10 the rnnduciuur state can be earned from 
place to place 

Imagine next that the apparatus is altered so that the ionized air m its 
passage along the tube has to pass between two plates P, and P , Fis 30 
which -ire joined, one to the positise, the other to the negatise terminal of an 
S’) 
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electrical machine or liigh voltage battery. It will now be found that, in 
spite of the suction through the tube, the electroscope rctmis its charge. In 
other words, the conducting air, after passing between the charged plates has 
lost Its conductmt) or is no longer ionized 




Fic 29 Ions from the neighborhood of flame when drawn along the 
tube d scharge the electroscope 


The removal of the conductivity by the charged plates (and manj othef 
experiments) proves that air is made a conductor because of the formation by 
the flame of small electrified particles These particles, which we shall seC 
presently may be either positive or negative, are called tons Their existence 



Fio 30 Ions drawn along the tube are removed by an electric field 
across the plates Pi and Pt 

provides a ready explanation of the discharge of the electroscope If it is 
positively charged and ions are found near it, positive jons will be repelled, 
negative attracted Each, negative ion on reaching the insulated rod of the 
electroscope will annul some of the positive charge on it until finally the 
electroscope is completely discharged Moreover, all the time the discharge 
is taking place iherd is a stream oj fostuve tons tn one direction, negative tn 
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the pressure gets lower The harder a gas x ray tube is, therefore, the greater 
the voltage necessary to maintain a given current through \t Conversel) , the 
tube IS said to be ‘ soft ” when the gas is m a fairly good conducting state 

33 Appearance of Vacuum Tube — The appearance of a vacuum 
tube when conducting a current at low pressures is ver> beautiful, and has 
certain general characteristics which it is well to note Initially, or verv 
shortly after the gas has become conducting a single sharp narrow streamer 
extends the length of the tube As the pressure is reduced the band of light 
becomes wider and more and more diffuse untl the whole tube is filled with 
luminosity At stll lower pressures (of the order of half a millimeter) the 
tube has a striking and very char- 
acteristic appearance ( 1 ) Around 
the cathode is a th n luminous layer, 

A iti Fig 32, (2 ) next is a sharply 
defined dark ^pace £, followed by, 

(3) another luminous region C , Vrc Appearance of a vacuum tube carry 
,he„ (4) a Kcond ,11 defined dark 
region D, and finally (5) a column 

of lummos ty £, extending to the anode At certain pressures this column is 
broken up into beauUful stnations, that is, narrow regions alternately dark 
and light 

Most important of these regions is the sharply defined dark space, the 
Crookes’ dark space, as it is called, or sometimes ‘ the ” dark space With 
decreasing pressure, its width continues to increase, and is indeed a rough 
measure of the degree to which the tube has been exhausted In the case of 
a gas X ray tube, the dark space should fill the whole tube If, by any chance, 
an X ray tube presents the above appearance, that is, one with marked lumm 
osity, the pressure is much too high and the tube must be re-exhausted before 
It IS of any use In the case of a hot filament tube, careless manipulation 
may result in the liberation of gas If sufficient gas is present this will be 
evident b) the general luminosity filling the tube when a high voltage is 
applied Again re-exhaustion is the only remedy 

34 Properties of Cathode Rays — When exhaustion is extended 
bejond that giving rise to the above characteristic appearance, the dark space, 
as already noted grows wider and wider until it finally fills practically the 
whole tube This occurs when the pressure has now been reduced* to about 
1/1 00 mm , a value which is of the order of that in a gas x-ray tube At 

• t\e ipf»k of rail np the lacuum when we lower the pressure 
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this pressure a verj faint beam of light proceeding at nght angles to the cathode 
IS frequently visible Depending on conditions this beam may be narrow, 
covering only i small portion of the face of the cathode, or it may cover 
nearlj the whole of it, it may be extremely fiint or it may be well defined 
(Often It IS quite visible in a “ soft x ray bulb ) The direction of this beam, 
moreover, is independent of the position of the anode For example, m a 
tube of the shape illustrated in Fig 33 the beam is still at right angles to the 
cathode, although the anode is in an arm at one s de of the tube 

A second important appearance 
IS charactenstic of this stage The 
walls of the tube, particularly at 
the end opposite the cathode, are 
seen to fluoresce with a glow, frc 
quenti} greenish, whose color, 
Fig 33 Cathode rays leave the however, depends on the composi 

cathode normally of the glass That the fluo 

rescent light has some connection with the faint streamers is readily shown by 
simply bringing one pole of a magnet near the cathode end of the tube Both 
the faint beam of light and the position of the fluorescent light at the other end 
move simultaneously 



Fig 34 A sharp shadow of the cross P is cast by a beam of cathode rays. 

The name cathode ra^s has been given to the faint beam of light What 
is their nature? Before answering this question it is desirable to look at some 
properties of the ra}s From what has just been stated, cathode rays (1) are 
deflected from their path by a magnetic field, and (2) excite fluorescence 
where they strike the walls of a glass tube (3) They travel m straight lines 
when no deflecting electnc or magnetic fields are present This is readily 
shown by using a tube of the kind illustrated in Fic 34 With such a tube 
It IS observed that if an obstacle P is placed m the path of the rays, a sharf 
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shadow IS cast on the end c f tlic tube, nil the rc^jion nround the slntlow 
strongly fluorescing This could be caused on!) h) n benm which, lAc light 
rays travels m straight 1 nes (4) Cathode ri)s represent n consuleriWc 
amount of kinetic energ) This mn) be show n b) using, not i plane cathode, 
as represented in Fig 33, hut a concasc one H) this means the beam of ra)5 
(whch It was ponted out above, proceed normally from the cathode) can 
be brought to a focus at a point, as illustrated in I ig 35 If, now, a thm 
piece of metal be placed m a tube so that 
the spot to whch the ra)s are focused is 
on the surface of the metal, in a short time 
incandescence will be observed in the 
neighborhood of the spot On impact of 
the ra)s against the metal a large amount 
of heat IS developed (This point is of 



very great imporUnce in connection with 3 ^ -pocusmB of cathode rays, 

the action of either the gas or the hot 


filament tube (5) Cathode rays arc deflected from their path by an electnc 
as well as by a magnetic field To show this a tube constructed aS represented 


m Fig 36 IS used By having a small cylindrical opening m the center of the 


anode, a narrow pencil of cathode rays may be obtained This beam maj 



Flo 36 Cathode ra>s are deflected by the electnc field between 
the plates AT, and Kt 


be visible for only a short distance from the cathode, if indeed it can. be seen 
at all but, if at the far end of the tube, a fluorescent screen S be placed, the 
presence of the ra}S is at once evident by a round fluoresc'‘nt spot at Pi on the 
screen Suppose now, the tube has been constructed with two metal plates 
Ki and Ki and that these are joined one to the positive, the other to the 
negative terminal of a battery It will then be found that the spot of light 
shifts from P, to Pt In their fassage through the electnc field between the 
flates, the rays have been defiected 

From this and the other properties enumerated, we conclude that cathode 
rajs consist of a stream 0 / electrified f articles Moi^over, from the direction 
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of th’ deflection by the electnc field, the charge they carry is at once seen 
to be negaitvc 

35 Nature of Cathode Rays — The experiments which led to the 
discover) of these properties of cathode ra)s left no doubt about their corpus 
cular and electrical nature Moreover, the) provided the answer to questions 
which naturall) anse concerning the size of the particles, their speed, and the 
magnitude of the charge the) carrj A glance at Fig 36 will show that it 
IS a simple matter to measure on the screen S the d stance from to Pi, that 
IS, to measure the amount the beam is deflected, and it should not be difficult 
to sec that this depends on the verj things we wish to know To begin with, 
the greater the electnc charge the particle has and the larger the voltage 
across the plates Ki and Ki, the greater the force pushing the parncle to one 



Fio 37 The pnnnpIcofM II katt s oil drop expenmenf A drop, 
represented oy the black dot, is pulled downwards by the 
force of gravity, upwards by the electnc field between the 
plates At and A, 

Side But heavy particles are not pushed aside as readily as light, nor fast 
particles as easily as slow, hence the amount of deflection depends not only on 
the force acting on a particle but also on its mass and its speed For the 
trained physicist comparatively simple calculations connect all these factors 
together, and from his calculations and observations, made with both electnc 

and magnetic fields, it can be shown that the value of “» that is, the ratio of 

m 

the charge carried by a cathode ray to its mass, is equal to 1 76 X 1 0’ coulombs 
per gram 

As researches concerning the conduction of electricity through gases con- 
tinued, It became evident that the charge earned by a cathode ray was a 
tundamentaf unit oi' erecfricity it wouib’ dtr pilnar nr rtbs" iSuoii' itr mfa" 

in detail to the pioneer investigations establishing this fact, and a bnef reference 
IS made to but one outstanding investigation, the famous oil drop expenment 
performed by Millikan Like a few other famous experiments it is beauoful 
Ml jts simplicity By means of an atomizer, oil drops are sprayed in the space 
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between two ch-irged plates, and the drops arc then pven i charge h) loniring 
the arm this region A single drop ordmaril} will fall slowl) due to its 
weight but if It has a negative charge and the positive plate is above it, as in 
Fig 37, the electric force acting on the drop will be m an upward direction, 
and may easil) be adjusted until it exact!) balances the downward pull of the 
earth 1 he drop will then be balanced in space, somewhat like Mahomet’s 
coffin Calculations based on this experiment enable the exact charge on 
the drop to be obtained and show that the charge is alwajs equal to that on a 
cathode ray or to some multiple of it Smaller amounts have never been 
observed and larger amounts occur iP exact multiples of this fundamental unit 
of charge The actual magnitude of the fundamental or electronic unit is 
4 80 X 10 *“ statcoulombs,* or 1 60 X 10“'® coulombs * 

From work in electro!) sis we know that 96,490 coulombs is the charge 
earned by the ions contained m 1 008 gm of h)drogen, or 


charge on a h> drogen ion _ 
mass of a hy drogen ion 


coulombs per gram, 


or ^ = 9 55 X 10^ coulombs per gram, 

where e represents the charge on an hydrogen ion and M its mass 

Since expennaent sliow s that e, the charge on a cathode ra) , iS equal to e', 
the charge on a h) drogen ion, it follows that iW the mass of a hj drogen atom is 
, 1 76 X W , , 

about g gg ^ O'" ^bout 1838 times greater than m the mass of a cathode 

ray f In passing we may note that the mass of a h) drogen atom is 1 66 X 
10”®* gm , that of a slow cathode ray 9 09 X 10 ” gm 

In cathode rajs then, we have to deal with particles of this small mass, all 
carrying the same negative charge of electricit) It is important to realize 
that the mass of a cathode ray is the same regardless of the nature of the 
materials in the cathode ray tube The cathode ma) be made of iron, or of 
copper or of silver, or of aluminum, or any other metallic substance, the gas 

* It will be recalled that 1 statcoulomb is such a quantitj of electricity that when 
placed 1 cm away from a sim hr qua/it t)', with air ss the medium between them, the 
force of repulsion between the charges is 1 djne It will be useful to remember, par 
ticularly when we d scoss the question of x ray dosage, that 

I coulomb or 1 ampere second = 3X10® statcoulombs 
f This u true only when the speed of the cathode rays is not great Actually the mass 
IS a f onct on of the -velocity, and at extremely high speeds the increase m mass becomes 
of great importance 
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m the tube before it was evacuated may have been ordinary air, or oxygen, or 
hydrogen, or carbon dioxide, or any other kind — m all cases the same result 
IS obtained All sJow cathode rays have this same mass This was a startling 
discovery because it proved that there was a rommon constituent to all kinds 
ot matter The atom can no longer be considered uncut or unciittable as it 
was throughout most of the nineteenth centmy It must contiin particles 
with a mass nearly two thousand times less than that of the hydrogen atom 

The speed of cathode rays depends on the potential difference between the 
cathode and the anode in the same way as the speed of a falling body depends 
on the height from which it has fallen, and may be thousands of m Ics per 
second For example, for a potential difference of 10,000 volts, the speed 
is about 37,000 miles per second, or about one fifth of the velocity of light, 
for 100,000 volts, the speed is over 100,000 miles per second, and for a 
million volts, ninety-fiie per cent of the speed of light is obtained 

It IS instructive to calculate the speed of a cathode ray for a given voltage 
To do so the student must recall that unit potential difference exists between 
two points or two conductors, when unit amount of work is done in taking 
a unit charge from one point to the other, or when unit amount of energy is 
gamed if the unit charge falls under unit potential difference To be more 
specific, if unit potential difference, which for convenience we shall call 1 
statvolt, exists between two conductors, and 1 statcoulomb falls through th s 
potential difference, the energy gained is I erg, the fundamental unit of energy 
Another important energy unit in common use is the electron volt This is 
the amount of energy acquired when a particle having a charge equal to the 
fundamental or electronic unit falls through a potential difference of 1 volt 

It follows at once that, if the potential difference is V stat volts, and the 
charge is e statcoiilombs, the energy gained is Ve ergs Since the usual unit 
of potential difference is the volt, the student should remember that 3Q0 
volts = 1 statvolt, or that to change from volts to stat volts you must divide 
by 300 

Suppose, now, that a cathode ray (with charge 4 80 X lO-*" staccoulombs) 
falls through 1 0,000 volts The energy* it acquires 


- X 48 X 10->®crgs, 


=7 1 6 X JO-* ergs * 

This energy appears as kinetic Now the kinetic energy of a particle of mass 
♦ Th s amount of energy is more often described as 10 000 electron soils 
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m grams moving with velocity v cm per see is iwD* ergs In the cisc of 
the cathode ray we have seen that 

m = 9 09 X 10-'’ gm 

Therefore, the kinetic energy of the particle 

= ^ X 909 X 10-** X c' ergs 

Hence, 

2 X 90 X X iJ® ~ I 6 X 10-*, from which 

0 = 59 6 X 10’ cm per second 
= 37,100 miles per second 

36 Structure of the Atom — As we have just seen, the discover) of 
cathode rays showed that atoms of all elements must contain negaiivel) charged 
particles, a conclusion which was amply confirmed b) subsequent work 
These particles we now call electrons, reserving the name cathode ra)S for 
electrons which are shot down evacuated tubes of the kind shown in Tigs 33 
and 34 Electrons may be released from atoms in a number of different wa) s 
A very common method which we shall discuss more fullj m Chapter VI con- 
ssts in heating a metal to incandescence, in which case electrons evaporate 



Fig 38 A simple electron gun Electrons are liberated from the heated filament F 

from the metal or, to be more scientific, there is a tkcrmwmc emuston of elec 
irons In a radio tube, for example, the filament which jou sometimes can 
see glowing, is heated to obtain a supplj of electrons If, therefore, an e'acu 
ated tube is made I ke the one shown in Fig 38, where the cathode of Fig 33 
is replaced by a wire* F heated to incandescence bj passing an electric current 
through It, a beam of cathode rays is shot down the tube when the filament is 
joined to the negative terminal and the anode to the positive terminal of an 

♦ Frequently the wire is coated with a material like lime or calcium oxide which 
> berates electrons cop ously when the wire is heated at a lower temperature than is 
necessary for the uncoated wire 
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induction coil or in) other source of direct voltage Such an arrangement 
constitutes the essential features of what is sometimes called an electron gun 
The new atom which contains electrons must have a structure far from 
simple Since an atom as a whole exhibits no electrical charge it must contain 
enough positive clcctncity to neutralize the negative on the electrons What 
does It look like, and where is the positive electncitj'? Can w e form a mental 
picture of it^ The answer to these questions has not alw a) s 6een the same, but 
for a number of )ears it has been possible to visualize a model atom which has 
been extreme!)' fruitful m explaining and interpreting many facts This atom 
consists of a positiv el) charged center or nuclcut accounting for almost the whole 
of Its mass, together with a number of electrons whose total negative charge 
exactl) equals the fosttsve charge on the nucleus So small are both nucleus 
and electron that if an atom were enlarged to be the size of a balloon 60 feet 
m diameter, the nucleus and each electron would not be much bigger than a 
gram of sand On this vaew the atom is a miniature solar system With the 
electrons revolving about the nucleus much as the planets revolve about the sun 
To distinguish one atom from another, two quantities must be known 

(1) the atomic weight or the number proportional to the mass of the atom, 

(2) the atomic number One or two concrete examples should make clear 
the meaning of atomic number There is overwhelming evidence that in the 
atom of hjdrogen, the lightest element, there is but one electron, with its unit 
negative charge, moving about the nucleus with an equivalent positive charge, 
in helium, the next lightest clement, there arc two electrons and the nucleus 
has two units of positive electncity , m lithium, the third lightest, there are three 
electrons and three positive unit charges on the nucleus, and, to give one other 
example, in the mercury atom, there are eighty electrons and the nucleus has 
eight) units of positive electncity The atomic number is just the number of 
unit positive charges carried by the nucleus — which, of course, is the same 
thing as the number of electrons m the normal atom Hydrogen, then, has 
an atomic number of h 1 thium of 2, hehum of 3, and mercury of 80 In 
modern ph)Sics the atomic number is of even greater importance than the 
atomic weight because the chemical properties of an element depend on the 
number and arrangement of the electrons surrounding the nucleus, and this 
depends on the atomic number 

37. Meaning of Ionization — Since negative electricity attracts positive, 
each electron is strongly attracted by the nucleus This electrostatic attraction 
provides the centripetal force necessary to keep the electron in orbital motion 
about the nucleus If it were not for its motion, the electron would “fall into ’ 
the nucleus By exerting a pull outwards, however, it is poss ble to remove 
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an electron completelj out of the atom awa> from the attraction of the nucleus 
When that his been done, the nucleus has one unit of positive electricitj Jn 
excess of the amount necessarj to neutralize the negative charge on the remain- 
ing electrons, and we hate what is called a positive atom-ion, or more often, 
just a fostttve ton Somet mes two electrons are removed from the atom, and 
we then have a doublj charged positive ion The atom m each case is said 
to be tontzedf and the means bj which the electron or electrons hate been 
removed are called ionizing agents X-rajs, gamma ra>s from radium, and, 
as Tve have already seen, flames are examples of such agents The electron 
which has been removed from an atom does not always remain, m solitary state, 
but frequently attracts to itself a neutral molecule or atom, or possibly several 
of them, forming a negative ion 

On this view electricity is never created, but is of the very essence of matter 
When an ebonite rod is rubbed on wool, little forces (which we do not under- 
stand an) too well) are brought into play which cause electrons to pass from 
the wool to the rod For every m llion electrons gained by the rod, the wool 
loses a mllion Consequently, whenever the rod acquires a million units of 
negative electricity, the wool, having a million positive units unbalanced by the 
electrons it has lost, acqu res an equal pos tive charge 

A battery or a dynamo is not a means of creating electricity, but a device 
which separates positive from negative, with a resulting potential difference 
between its terminals When a current flows in a circuit, it is simply a move- 
ment of electrical charges, — sometimes electrons only , sometimes negative 
ions m one direction, positive in the opposite 

38 lonizstion by Collision — The ability to lomze a gas or a vapor 
through which it is passing is an important property of a rapidly moving elec- 
tron If moving quickly enough an electron may pass right through an atom 
leaving it unharmed , if moving very slowly, the electron may not have enough 
energy to do any damage , but over a wide range of speeds, it will remove elec- 
trons from many of the atoms which lie in its path As we have seen, when- 
ever an atom loses an electron it becomes a positive ion Hence the path of 
a fast electron is marked by a trail of ions * This production of ions by a 
mnvmg particle is one of the commonest ways of making a gas conducting 
In the next two chapters we shall study this method of ionization in greater 
detail ® 

39 Electron Bombardment — Attention has already been directed to 
the fact that intense heat may be developed when electrons are suddenly 
stopped by a target It is not surpnsing, therefore, that important effects may 

* ‘lee section 131 
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be brought ibout b) controlled bombirclment of certain materials b} electrons 
or cathode ra}s 

Special electron tubes hate been constructed for the specific purpose of 
obtaining homogeneous beams of electrons with speeds corresponding to poten 
tial drops over voltages ranging from 1 to 15 kilovolts m the case of one tube, 
or from 10 to 100 fcdoiolts in another Such tubes are convenient for a «tucl) 
of the effects of the electron bombardment of biological matenal 

Much faster electrons have been utilized in certain bombarding experiments, 
in which the cathode rajs, after passing right through a thin sheet of metal in 
the wall of the cathode raj tube, emerge into the outside air Tubes of this 
kind are sometimes called Lcnard Coohdiie, in honor of Lenard, a German 
phjsicist, and Coohdge, the present director of the General Electric Research 
Laboratorj at Schenectadj, N Lenard, in the last decade of the nine- 
teenth centurj, made pioneer investigations relating to the passage of cathode 
rajs through metallic foil Coohdge followed up his work using potential 
differences exceeding a million volts to speed up the rajs Coohdge and other 
workers have shown that, under the acnon of these cathode rajs outside the 
tube, jeast, ergostcrol, and a few other substances produce vitamin D, that 
new species may be originated in plants and in animals, that changes in color 
maj be brought about m glass and other substances, and that it is possblc to 
distinguish natural from artificial sapphire bj the difference in their response 
to the rajs 

In an instrument called the bftatron to which further reference will be 
made m Chapter XV, electrons are accelerated until thej attain speeds the 
equivalent of a potential drop equal to or even exceeding 200 million volts 

40 Origin of Roentgen Rays — For the radiologist probablj the most 
important use of cathode rajs is to generate roentgen or x-rajs When 
cathode rajs or high speed electrons are suddenlj stopped by impinging against 

a hard metal target, the spot struck bj the beam is the source of -the .invisible 

light called x-rajs Details concerning tubes used for this purpose, as well 
as concerning the properties of such tubes will be given in Chapter VI Before 
doing so, it is desirable to consider further details concerning the passage of 
electncitj through a rarefied gas 

PROBLEMS AND QUESTIONS 

1 Is air at atniospbenc j ressure a conductor of electr cits '* Describe several ways in 
which air may be made con luct ng 

2 Deserhe the vanat ons n the conductn tt of a tube w th electrodes as the air is 
gradualU removed the electro les leing connected to h jh voltage terminals 
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3 \\hat are ions, eUctrons cathode ra>s^ 

4 Describe how the voltage acrOjS a tube (originally containing air at atmospheric 
pressure) varies as the air is gradually exhausted, if the tube is C3rr}ing a current 

5 Describe the properties of cathode rajs with reference to suitable experiments to 
illustrate these properties 

6 What IS meant b) the atomic number of an element? 

7 Explain, with the aid of a diagram, a method of generating a narrow beam of 
cathode ra 5 S 

8 If a cathode ra> has a charge of 4 S X statcoulomb, how many (i) electron 

volts, (it) ergs, of kinetic energy does it acquire after falling through a P D equal to 
1,000,009 volts’ rfnr (i) 10”, (ii) 1 6 X 10-® 

9 Find the magnitude m ergs of an electron volt /Ins 1 6 X 10“^*. 
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41 Nature of Conductivity at Atmospheric Pressure — In section 
31 It wis pointed out thit even vsTth the most perfect insuhton available, an 
electroscope slowl) loses its chir^e It should now be evident that, if a few 
straj ions arc it ill times present in ordmar} air, a ready explanation of this 
discharge maj be gnen As a matter of fact, a large number of investigations, 
minj of them dating back to the beginning of this centur}, have shown con- 
cltisnc]} that there is no doubt about the presence of such ions If, then, an 
intense electric field is created between two conductors such as the knobs of 
a simple electrostatic machine or the secondarj terminals of an induction coil, 
these ions, being charged particles, are acted on by a big force, and very quickly 
acquire a hiirh selocit) If the field is intense enough, the ions have sufficient 
kinetic energy to ionize neutral atoms or molecules against which they collide 
The ions and released electrons resulting from such collisions in their turn arc 
speeded up hv the electric field and very quickly they, too, ionize other atoms 
and molecules In this waj, once an electric field of sufficient intensity has 
been reached ionization increases so rapidly that a sudden discharge ^ 
dent b) the crackling spark, takes place In the case of corona, the field is 
intense enough to cause a discharge onl, within a limited region near the high 
potential conductor If an earthed conductor should be brought too near, 
the corona will of course give avay to a spark 


42 Conductivity at Reduced Pressure — When even ^ 
high voltage is applied to tubes of the kind illustrate in igs , a 
no discharie passes if the contained air is at atmospheric the 

field between the electrodes is not sufficiently intense to ena e e 7 
to acquire sufficient energy to ionize the neutral atoms or mo ecu es , , 

the> Llhde When a part al vacuum is created, however, as we hav already 
noted m section 32, there is a discharge in the tube Because of 
distance between individual molecules at the lower pressures, ^ 

a greater distance w. h out obstruction 

energy before an impact ^ and there is a 

so acquired is sufficient to enable the ion mnvinp- towards 

r,p,d accumuUfon of ,ons A current passer ponove rons mo.nsg toward. 

a 
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the cathode, negative ions and electrons towards the mode If a Stream of 
cathode ra}S is wanted, the vacuum is made so good ahat the IsbeVated electrons, 
lar^-ely formed in the neighborhood of the cathode, move the full length of 
the'’ tube with little obstruction Figure 39 is an attempt to depict the state 
of affairs at somewhat higher pressures, when the tube is filled with light, as 


O O- O- 


FlC 39 In a tube contauung a bttle gas at not too low a pressure numerous 
positive and negative ions move in opposite directions 

in an electnc neon sign At this stage there are numerous positive and nega- 
tive ions 

43 Positive Rays. — The existence of a stream of positive ions may be 
shown very beautifully b) using a tube in which holes are made in the cathode, 
not the anode, somewhat as shown in Fig 40 At suitable pressures, m B, 
the portion of the tube beyond the cathode, a narrow beam of light is seen as 
a continuation of each hole in the 
cathode, an observation made in 
1886 by the German scientist Gold- 
stem At that date, it must he re- 
membered, neither electrons nor 
ions had been discovered, and Gold- 
stem, not knowing the true nature 
of the rays passing through the holes 
m the cathode, appropriately called 
them canal rays It remained for 
another German, Wien, m 1898, to show that canal ra)s, if made to travel 
through either an electnc or a magnetic field, were deflected to one side, just 
like cathode rays, and so were electrified particles There are three very 
important differences, however, between canal and cathode rajs 

The direction of the deflection of canal nys in a tube like the one shown 
in Fig 41, where a narrow beam passes between the electrified plates, Ki and 
/fj, IS towards the negative plate, not away from it as in the case of cathode 
rays Canal rays, therefore, must be positively charged This, of course, is 
just what one should expect, for they are nothing but the stream of positive 
ions which come up to the cathode and pass through its perforation In 
fact, J J Thomson, the famous English physicist who was one of the pioneer 
workers with these rajs, changed their name to positive rays 



Fcq 40 A canal ray tube Positive lona 
pass through the perforations in the cathode 
and at suitable pressures, give rise to 
colored canal ray streamers 
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(2) II IS much more ilifiicult tn <lcflect csnnl njs stronger electre and 
mignelic fields hung ncccsssr} to do so As i mitter of fact Goldstein tried 
tmsticccssfiillj to slcflcct tlicm with s mi^nctic field J he reason for the dif 
ficultj in deflecting the njs is due to the much heavier mass of an ion than 
tint of a cathode rat, because, as we ju intcd out when dealing with the deflec 
tion of cathode ra)s, the heavier a particle is the harder it is to push it out of 
Its path 

(3) Measurements of the same kind as are used m cathode-ra} deflect oa 
tubes show that canal ra)s are of atomic size but that their masses are not 
alwa)S the same If the tras in the discharge tube is changed, the masses of 
the canal or positive rajs arc altered also Aga n this is to be expected once 
wc realize tint positive ra)S on 2 ,inate in the positive ions in the discharge tube 



Fig 41 A simple tube for the analysis of a beam of positive rays 

If a tube contains h) drogen, then ionized atoms of hydrogen will pass through 
the hole or holes in the cathode, if oxjgen, then oxygen atom ions and i 
there is a mixture of these two gases, in the canal ray beam there will be both 
oxy,,cn and hydrogen ions 


44 Chemical Analysis by Positive Rays - If ^ postive ray beam 
containing a mixture of ions of different masses passes through an electric an 
a magneuc field, it will be sorted out into its components Th V^^e prin- 
ciple If the positive ray method of chemical analyses which was firs used by 
J J Thomson with such remarkable consequences t^t it is necessary to und r- 
tand It clearly In the method originally used by Thomson a ^ 

somewhat as shown in Fig 41 The rays pass through a fine 
cathode C and on emergence travel across a highly 

strike a screen S (or a photographic plate) at the end of the tube When 
Z w.,>f n.„=n,ls .her, » • 

at the place P struck by the rays, or if a photographic plate is the rays 
affect It much as light does, and on development ^ « 

obtained In Fig 42, an original photograph taken by 
at the lower center was caused by such a narrow beam 

If however, the beam passes between the electrified plates A. and K,, 
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IS, through an electric field, and it the same time, hetvseen the poles of a 
mignet, there is a sorting out of the n)s or ions When the fields ire so 
arranged that one pushes the particles verticall), the other horizontill), then 
all particles of the same mass and same electric clnrge, regardless of their 
speed, strike the screen or the photographic plate along a curved line It is 
much the same as if bullets of different si/es were emitted by a machine gun 
and on their way to a target were acted on bj two forces, one pushing them 



sidewajs, the other up or down With such an 
arrangement all the bullets of one size would hit the 
target along one line, of another size along a different 
line, and so on If a positive ray beam contains 
sngly charged atoms of h}drogen, of ox}gen, and of 
nitrogen there is a curved line on the plate correspond- 
ing to each kind of atom In Fig 42 the beam which 
was anal) zed in this way has given rise to four or five 
such curved lines, the line marked 1 arising from 
singly charged hydrogen atoms, that marked 2 from 
singly charged h)drogen molecules, which have 
double the mass since a molecule of hjdrogen contains 


Fig 42 Positive Ray 

pSda ^MeS method of anal) SIS has man) advantages 

showing hydrogen Unly an extremely small amount of a substance is 
atoms and molecules necessary to have its presence revealed m this way 
srnnp in method IS even more sensitive than the spectro- 

unstable '"f ^^^ment It ma) reveal the existence of temporary, 
IS over M ” ^mrns which change into something else after the discharge 

b) Harmsen P ^ ^ beautiful example of such a record taken 

paratusard roL f«^ni of Thomson ap 

F,g ”43”“ 

pnnted These nlmKe' this photograph a number )s 

usual atomic weight seal? masses of the corresponding particles on the 

of all the advantages of’pTsmtV^ emphasize the biggest 

atomic weights Fnr th ^ analysis — the accurate companson of 

on the plaf, "lo-v" displ.eements of different lines 

Thomson’s onginal curves » A 

hut an improvement in his ' ^ hands gave remarkable results, 

which modernTcLnVe measurements 

science demands Realizing this. Dr F W Aston, originally 
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a collaborator of Thomson, designed new arrangements which gave greater 
and greater accuracy and led to results of sufficient importance to win for him 
a Nobel prize During recent jears his work, supplemented by others, but 
notabl} bj Bainbridge and b) Dempster in the United States has been one 
of the most important lines of in\ estigation in experimental physics 

In the forms of apparatus used by the modern experimenters the sorting out 
of the ions depends, as in the original arrangement, on a suitable combination 



of electnc and magnetic deflecting fields, and the details of constructiori need 
not concern us In the final photograph, however, we miist note one differ- 
encc Short straight 1 nes replace the long curves of the Thomson method 
A typical photograph is shown in Fig 44 
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Fig 44 Posiave Ray Analys s -- Modern Mass Spectrum, 
showing isotopes of cadmium 


Student, ftrattar tv.th photographs of opt, cal spectra will note the nmilanv 
(See „ct,on 92 ) Just as a beam containing a mixture of **"'« ^* 
light on passing through a prism is spread out into a spec ru 
contponeL, so the beam of pos.iv. r,,s bp this method is ' 

con«tuenu It » not siitpnsing that the apparatus used 'f' ’■’’'J'- » 
called a rpertrogcf/i and the pliotogtapli, in » ^ ^ 

spends to an ton of a .lefmitc mass a tfrcmim li) ntcasiinn, 
rLn of the Ines along such a spectrum, an accurate cuinparissin of masses 
nnd hence of atomic eights, maj be made 
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clement irgon, <*{ itomic niimhcr 1 S tlcinents with t!ie ‘?.nme imss number 
but different atomic numbers are called tsohrs for example ar^^on, ati me 
number 18, potassium, atomic number 19, and calcium, atomic number 20, 
all have isotopes of mass number 40 

46 Determination of Atomic Weights by Physical Method — 
If neon has two groups of atoms of mass numbers 20 and 22,* what, it may be 
asked, IS the atomic weight of this clement? Can this result be reconciled 
with the atomic weight of 20 2 determined bj chemical means? In chemical 
reactions the groups of isotopic atoms are not separated and the atomic weight 
determined chemically is an average value based on combining weights To 
obtain the same aserage value from mass spectrograph data we must know 
the relative amounts of each isotope This information is readly obtained 
from the degree of blackening of the mass spectrum lines on the photographic 
plate, because the larger the number of ions which stnke the plate, the blacker or 
the denser the image Neon photographs, for example, show that the 20 com- 
ponent is nine times more dense than the 22 It is just a matter of simple 
anthmctic to show that the average atomic weight is 20 2 

47. Discovery of Deuterium — The mass spectrograph, therefore, has 
provided a method of obtaining atomic weights entirely tndefendent of the old~ 
established chemical means If both methods are reliable, values obtained by 
the two methods should agree In 1929, the agreement was remarkable, the 
difference between corresponding values being only about 1 part in 10,000 
In that >ear, however, it was shown that oxjgen, which hitherto had been 
considered an element with only one isotope, of mass 16, had isotopes 17 and 
18 present in small quantities This meant that if the whole system of atomic 
weights IS based on the assignment of 16 000 to the mam isotope of oxygen, 
the average atomic weight of oxygen (the value based on all its isotopes) is 
slightly greater than 16 000, or conversely, if the chemical determinations of 
atomic weights are continued to be given in terms of 16 000 for oxygen, then 
the values for all other elements should be slightly less than those determined 
by the mass spectrograph method The correction to be made is slight, but 
It was enough to indicate a disagreement between the atomic weights of hydro- 
gen, as determined by the two methods, which was just greater than possible 
experimental errors Birge and Menzel, American physicists, suggested that 
the lack of agreement might be due to an undetected isotope of hydrogen of 
mass number 2 Urey, Brickwedde, and Murphy, Amencan scientists also, 
set out to look for such an isotope spectroscopically, and in 1932 announced 

* The roost accurate results show that there is a fa nt third component of mass 2 1 
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the discover) of hcav> h)drogen or deuterium (s) mbol D) of nnS<i number 2 
In a tank of ordinar) h)drogen there is on\) one port of the heis) vanct) to 
several thousands of the light, but after the original discover) of deuterium, 
n-eans were soon found of increasing its concentration, and eventuall) of 
completely isolating it 

Had It been just another new isotope, there would have been nothing very 
startling about the discovery of deuterium As it was, it created a stir in scien- 
tific circles the world o\cr, and in a very short time gave rise to a wealth of 
researches in chemical and physical laboratories The reason ts not far to 
seek In so far as the positive charge on the nucleus and the number of extra- 
nuclear electrons are concerned, two isotopic atoms are exact twins and cannot 
be distinguished b) any differences in properties which depend on these factors 
If the ratio of the nuclear masses is nearly unity, as in chlorine with its isotopes 
35 and 37, It is only by refined means that very slight differences depending 
on this change of mass can be detected When, however, the masses differ 
as much as they do in the two isotopes of hydrogen, that is, in the ratio of 
1 to 2, differences in their properties are easy to detect In both physics 
and chemistry, therefore, the discovery of heavy hydrogen was followed 
by hundreds of investigations, all seeking to find out differences in the 
properties of all sorts of compounds when ordinary hydrogen is replaced by 
deutenum 

Outstanding among these researches were those dealing with heavy water, 
the compound formed when deuterium unites with oxygen to form DjO 
You cannot distinguish the two kinds of water by looking at samples of each, 
but there are decided differences in their properties For example, common 
water freezes at 32 °F and boils at 212°F , whereas the corresponding tem- 
peratures for heavy water are 38 8°F and 214 5°F Again, the vapor pres- 
sure of H 2 O at 212°F IS 760 mm Hg, but that of D 2 O at the same tem- 
perature IS only 7216 mm 

48 The Proton — We have seen that the sorting out of positive ra)s 
has led to a physical method of determining atomic weights, to the discovery 
of the existence of isotopes in general, and of heavy hydrogen in particular 
Of even greater importance for the development of physics is the use of the 
mass spectrograph for the accurate measurement of the masses of all isotopes, 
m terms of the number 16 0000 assigned to the mam isotope of oxygen 
Hitherto we have been using whole numbers, — the so called mass numbers 
35 and 37 for chlorine, I and 2 for hydrogen, 20 and 22 for neon, 16, 17 
and 18 for oxygen — as the values of atomic masses without any explicit ref- 
erence to their exact values Now with the improved modern instruments, 
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mensiircmcnts of the ilisphcemeut of tlie i^iotop l linos on i mass spectrum plate 
ma) he made to a hijh degree of ncciirac) The results of such measurements 
show that in all cases, masses of isotopes are very ttearly whole numbers The 
few values given in Table V will illiistrati. the po nt 



With the discover) of the “ neirl) whole number rule ” for all isotopes it 
was inevitable that the hjdrogen atom, or more accuratel), its mic eus ca e 
the proton, should be considered as an ultimate unit in t e ui o m 

complex atoms At an) rate, senous attention was given t e t eory 
nude, of all a.„™, .on.e waj, are n,nde of prCcn,. w,.h ■!«' 
charges, and ne-aluel, charged electron. As shall see later, th.s ™w 
» no“ „o„ held, although .he pro, on s.,11 ren,a,ns as one cl .he Ion — al 
particles in the formation of nuclei Because of its importanc 
a brief further reference will now be made to the problem o p 

49. Separation of Isotopes — In preceding element 

how, by means of the mass spectrograph, j^ere remains the 

ma) be separated and their mass usabk amounts of each 

practical problem of so separating the isotop 

vanety can be collected ,„,r.nrt-ince m the years 

Dnnng World War II .h.s problen, „,s„g from >h. 

preceding the successful attempts to utilize considered m Chapter 

La,n of the element nran.om, a quest.on wh.eh w, I V 

XVIII Natural nramum has three .solopes, one of mass number die. 
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senting 99 3% of the whole, a second of mass number 235, to the extent of 
only 0 7%, and a third of mass number 234, which is present m such minute 
amounts that we can almost ignore it For reasons which will appear later, 

It became highly desirable either to separate weighable amounts of the 235 
kind or to increase the percentage of this isotope in a specimen of uranium The 
magnitude of this problem, if even only a few grams of uranium 235 are to 
be collected, can be realized from the fact that Nier, an American physicist, 
using vapor from uranium bromide in a mass spectrograph, could collect less 
than a microgram of separated uranium 235 per 16 hour day 

In the successful separation of comparatively large amounts of individual 
isotopes of uranium and of other elements, use was made of several different 
methods, all of which had been known in pnnciple before the uranium problem 
became urgent A bnet reference will be made to three of these 

(a) Electromagnetic method — the calutron — Somewhat similar m 
principle to the mass spectrograph, the calutron makes use of a beam of Jons 
which, after being speeded up by an electric field, traverses a magnetic field 
powerful enough to cause the ions to move in circular paths The reason for 
this deflection is explained m detail on page 265 Since the amount an ion 
IS deflected by a magnetic field depends on its mass, an ionic beam containing 
a mixture of isotopes will give nse to different paths, one for each isotope, some- 
what as shown in Fig 45 Hence by suitably placing an obstacle with a 
narrow opening in it, a single isotope can be collected in a receiver placed 
beyond the opening 

In the successful use of this method for separating comparatively large 
amounts of uranium 235, use was made of the world’s largest electromagnet, 
designed originally for a huge cyclotron at the University of California (see 
Chapter XV) The deflecting field of this magnet traverses a 6 foot gap 
between poles whose diameters exceed 1 5 feet 

(b) Gaseous diffusion method — This method is based on the fact that 
the rate at which a gas diffuses through very tiny openings depends on the mass 
of Its molecules, being, m fact, inversely proportional to the square root of 
the mass Hence, if we have a mixture of two isotopes of an element m the 
gaseous state, in a vessel with a wall containing very small openings a 
forous barnei the isotope of lighter mass will diffuse through the wall or 
barrier more rapidly than the heavier, and a partial separation of the two will 
result It is interesting to note that Aston, m early attempts to separate the 
isotopes of neon, used clay piping as his barrier The actual amount of separa- 
tion resulting from diffusion through a single barrier is slight, and a cascade 




A muturc nf ihe t m o( t hr two nr in< re isotopes of an elertient, svhen speeded up 
oy^n riectne fitU emetyes from sir Ji eaeA wffA ict o»n mo/rre/ret/m in pxsstng c/trouek 
a ««mg magnet c field, the lors are separate i each kind traversing a circular path slightly 
wficftnt (^rorti the othtn ffj luttat ty pfacin^ a t ^ at A in the figure any pameufar 
isotope may he collected (11 agram from bmylh Report ) 

uranmiYt hfxafiuonde, iml ir Ind to Iiave holes not larger than 4X10’ inch 
I his and min) other problems \scrc successful!) solved and, in 1945, after 
*>ome )ears of hard, and at times discourapng, work, a satisfactory diffusion 
plant Was operating st the Clinton t ngmeenng Works m Tennessee 

In the actual collection of large amounts of uranium 235, a combination 
of the thermal diffuson method snd the electromagnetic were used B) the 
diffusion method miteml ssith in increased percentage of uranium 235 was 
made, and then this “ enriched feed material *’ was used in the calutron for the 
final separation 

(c) The centnfuge — This method einplo)s the principle of the cream 
separator If a s)stem containing a mixture of two isotopes is rotated at ver) 
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high speeds, a partial separation is accomplished because the concentration of 
the lighter isotope increases near the axis of the rotating system, that of the 
hea\ner near the periphery This method was also successfully used in the 
search for the release of nuclear energy, but it was not employed for any large 
scale production 

50. Heavy Water. — No explanation will be given of two or three other 
methods which have been used to some extent in the separation of isotopes but, 
before leaving the subject, a brief reference is made to the principle utilized in 
one method of manufacturing heavy water. 

Shortl} after the discovery of deuterium, the heavy isotope of hjdrogen, it 
was found that, when ordmarj water is decomposed by electrolysis into hydro- 
gen and oxjgen, the residual water left after a considerable amount of water 
has been decomposed contains a higher percentage of heavy water than it had 
originally It then became obvious that, bj collecting the residues from a 
number of electrolytic devices and decomposing the collected lot, now richer 
m the heavy variety, until the residue after the second stage was still further 
enriched, and by continuing such a process for several stages, heavy water of 
high concentration could finally be obtained. 


PROBLEMS AND QUESTIONS 

1 Describe the construction and operation of a simple type of tube by means of wbich, 
bj positive ray analysis, a beam of ions can be analyzed into its constituents Explain fully 

2 An electron and a singly charged positive ion fall through equal potential differ- 
ences Compare (i) the energy, (n) the velocity acquired by each 

3 Singly charged pos tive ions of ordinary hydrogen and of deuterium fall through 
equal potential differences Compare (i) the energy, (ii) the velocity acquired by each 

4 Briefly describe two ways of separating stable isotopes of an element 

5 Indicate how the mass spectrograph can be used to compare atomic weights 

xp am how the atomic weight of an element like chlorine can be evaluated using 
the mass spectrograph 



CHAPTER VI 

ROENTGEN TUBES 

51 Two Types of Tubes — At the end of Chapter IV it was pointed 
out that x-rajs originate when a beam of fnst-moving electrons is suddenlj 
stopped on striking a target of hard metal To obtain a suitable beam of 
electrons two important methods have been used, with two corresponding tjpes 
of x-ray tubes In the first t}pe, the gas tube, a res dual vacuum is left at 
such a pressure that a well developed beam of cathode ri}S is projected from 
the cathode, while at the same time positne ions move toward this electrode. 
In the second type, the hot filament tube, electrons are emitted from a heated 
filament which also functions as the cathode of the tube In this tjpe the 



vacuum must be so good that there :s no cumulitive ionization bj collision 
(section 38), or, m other words, so that there is no appreciable electron flow 
arising from this cause 

52 The Gas Tube — Although it would be difiicult to find a modern 
radiology center where gas tubes are now in actual use,* a brief reference will 
be made to this tjpe in order to illustrate certain basic principles The mam 
features are illustrated m Fig 46, where C is the cathode, with face concave 

* Special gas tubes such as one designed by Mueller are soil used, particularly in con 
nerfjon with * ray spectrographs 
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high speeds, a partial separation is accomplished because the concentration of 
the lighter isotope increases near the axis of the rotating system, that of the 
heavier near the periphery This method was also successfully used m the 
search for the release of nuclear energ), but it was not employed for any large 
scale production 

50 Heavy Water. — No explanation will be given of two or three other 
methods which have been used to some extent in the separation of isotopes but, 
before leaving the subject, a brief reference is made to the principle utilized in 
one method of manufacturing heavy water 

Shortl} after the discovery of deuterium, the heavy isotope of hjdrogen, it 
was found that, when ordinary water is decomposed by electroljsis into hydro- 
gen and oxygen, the residual water left after a considerable amount of water 
has been decomposed contains a higher percentage of heavy water than it had 
originally It then became obvious that, by collecting the residues from a 
number of electrolytic devices and decomposing the collected lot, now richer 
in the heavy variety, until the residue after the second stage was still further 
ennchcd, and by continuing such a process for several stages, heavy water of 
high concentration could finally be obtained 

PROBLEMS AND QUESTIONS 

1 Describe the construction and operat on of a simple type of tube by means of which, 
by positive ray analjsis, a beam of ions can be analyzed into its constituents Explain fully 

2 An electron and a singly charged positive ion fall through equal potential differ 
ences Conpare (i) the energy, (ii) the velocity acquired by each 

3 Singly charged positive ions of ord nary hydrogen and of deuterium fall through 
equal potential differences Compare (i) the energy, (u) the velocity acquired by each 

4 Briefly describe two ways of separat ng stable isotopes of an element 

5 In hcate how the mass spectrograph can be used to compare atomic weights 

6 Expla n hosv the atomic weight of an element like chlorine can be evaluated using 
the mass spectrograph 
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51 Two Types of Tubes — At the end of Chapter IV jt was pointed 
out that x-ri}s originate when a beam of fast moving electrons is suddenij 
stopped on stnking a target of hard metal To obtain a suitable beam of 
electrons two important methods have been used w'lth two corresponding types 
of X raj tubes In the first tjpe, the gas tube, i residual vacuum is left at 
such t pressure that a well -developed beam of cathode mjs is projected from 
the cathode, while at the same time positive ions move toward this electrode 
In the second tjpe, the hot filament tube, electrons are emitted from a heated 
filament which also functions as the cathode of the tube In this type the 



vacuum must be so good that there is no cumulative lonizaton bj collision 
(section 38), or, m other words, so that there is no apprecable electron flow 
arising from this cause 

52 The Gas Tube — Although it would be difficult to find a modern 
radiology center where gas tubes are now in actual use,* a brief reference will 
be made to this tjpe m order to illustrate certain basic pnnciples The mam 
features are illustrated m Fig 46, where C is the cathode, with face concave 

* Special gas tulcs such as one (t s gned b> Mueller arc Mill used part cularly in con 
ncct on \ nil X ray spcctrograpl s 
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or cup-shaped so tint the cathode nts arc hroucht to a focus on the face of 
the target From the jocal spot >. ra)s spread out in all directions, passing 
through the whole half of the hem sphere in front of the plane AfFMt Here 
It may be noted that when the current through a gas tube is in the right direc- 
tion, the portion of the bulb in front of the plane MFM% is usually strongly 
fluorescent, being separated from the remainder by a sharp line of demarcation 
The target T forms the end of a long metal arm A, the anticathodc, which 
by means of the connecting wire IV, is in electrical contact with A^, the anode 
The anode N lies within a short side arm of the tube, and does not project 
into the main body of the tube V is another side tube which carnes a third 
electrode E, and is added for the purpose of regulating the gas pressure in the 
bulb P represents a rubber tip covering the place at which the tube was 
sealed off from the exhaust pump after the initial exhaustion had been com- 
pleted 

53 Regulation of Current m Gas Tube — It will be seen later that 
the nature of the beam of x-rajs leaving a tube depends both on the current, 
that IS, the milliamperage, and on the voltage across its terminals An opera- 
tor, therefore, must be able to control both the current and the voltage Now, 
if the pressure of the residual gas remains constant, the higher the voltage 
applied to a tube, the greater the current through it There are cases, how- 
ever, where an operator may wish to change to a higher voltage without alter- 
ing the milliamperage, or possibly with even a smaller milliamperage HoW 
can this be done? To understand the answer to that question it is necessary 
to remember that the voltage required to maintain a given current through 
an ordinary vacuum tube vanes with the pressure of the contained gas (Sec 
sccuqiv 32 ) If, therefore, by any means the gas pressure m any x ray bulb 
IS altered a different voltage will be required to pass the same current through 
It If the vacuum is lowered (pressure increased), the resistance of the tube 
decreases or it becomes “ softer ” If the vacuum is raised, the tube runs 
“ harder,” that is, the resistance increases A soft tube, therefore, is more 
conducting than a hard one * Putting it m another way, a higher voltage 
is necessary to maintain a certain milliamperage through a tube when it is 
hard than when it is soft For a given tube, some regulation of the degree 
of vacuum may be obtained by the use of vacuum regulators Because gas 
tubes are almost obsolete in x ray practice, details about such regulators are 
omitted, although it may not be amiss to point out that, by using the third 

* Later we shall see that the terms hard and soft are also used to describe the character 
of the rajs leav ug a tube 
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electrode E, Fig 46, to pass a momentary current through the side arm V 
small amounts of gas may be released from matenal packed in this arm and 
the pressure increased accordingly 


54 Blackening of Tubes — With gas tubes, this slight increase 
pressure is necessary, because with continued operauon they arc found to " 
harder, that is, the vacuum improves The same improvement m va° 
occurs when a gas tube has been standing idle for some time This d 
hardening is due largely to the absorption or adsorption of some of the ^ 
gas by the walls and the electrodes of the tube The adsorption is mcrcawd 
by the presence of a black metallic deposit which gradually forms on the 
walls of the tube — a deposit somewhat similar to that which may be obse*'”^l 
on the walls of an old “clear glass” tungsten filament lamp Besides T 

creasinij the rate at which the residual gas is adsorbed, the presence of black 
ing IS objectionable, because it increases the resistance of the tube it C' 
possible sparking along its walls, and it increases the danger of puncture ^ ” 
Table VI 


Metal 

Atomic 
\\ eight 

btr 

Melting 

Pont 

Thermal 

Con 

ductivity 

Spe 

Heat 

Volatilization 

detectable at 

Platinum 

Ind um 

Osmium 

Tungsten 

Tantalum 

Molybdenum 

Nickel 

19S 2 
193 1 

190 9 
184 

181 i 

96 

63 6 

S8 7 

78 

77 

76 

74 

73 

42 

29 

28 

nso'c 

2290=0 

2700=0 

3300=0 

2900=0 

2500=0 

1084=0 

1450=0 

0 17 

0 17 

0 17 

0 35 

0 12 

0 92 

0 14 

03 
03 ; 
03 

03 

04 
07 

09 

10 

iW^ 

1400*C 

2300=0 

1800=0 


Blackening is the result of two causes ( 1 ) the evaporation of hot metals, 
and (2) a cathodic disintegration known as sfuttenng Sputtering consists 
of the ejection of metallic particles from the cathode These particles, ,t js 
to be noted, arc tiny pieces of metal and must not be confused with electrons 
In a good tube, therefore, blackening is minimized by choosing a metal for 
the cathode which expenment has shown sputters a minimum amount 
(aluminum, for example) and by keeping the metal parts, particularly the 
target as cool as possible, in order to prevent vaporization We have already 
pointed out that a beam of cathode rays represents a consderable amount of 
^erev and that at the focal spot where this energy is concentrated, enough 
heat may be developed to make a small hole in the face of the target More- 
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over if the metal does not actually melt, it may easily become so hot that 
marked vaporization takes place Evidently it is desirable to choose for use 
as target a metal with a high melting point and to adopt some means of keep- 
ing It cool 

In this connection the information given in Table VI is of interest It 
will be noted that platinum, which in the pioneer days of roentgenology was 
the metal used to the greatest extent as target, is by no means the most 
satisfactory Compare it with tungsten, for example Its melting point, 
1750'’C , IS little more than half that of tungsten, 3300°C Moreover, 
platinum is one of the metals which sputters readily, whereas tungsten sputters 
but 1 ttle For this reason, should any inverse current be present in the case 
of a platinum target tube, blackening would soon be pronounced (Dunng 
inverse the anticathode will act as cathode ) Tungsten, therefore, gradually 
replaced platinum, partly, perhaps largely, because of the research work of 
the General Electric Company, Schenectady, on the production of wrought 
tungsten 

55 Methods of Cooling a Target — To keep the target cool, use is 
made of several simple phys cal principles In many gas tubes, the target at 
one time was just a “ button ” of tungsten set in the end of a massive piece 
of copper which served as a connecting conductor between the target and 
the external electrode Now copper, it will be noted by a glance at Table VI, 
has both a high thermal conductivity and a high specific heat, and hence for 
both reasons, the temperature rises slowlj 

Additional cooling is often brought about by attaching to the end of the 
anticathode (or anode) outs de the tube, sheets of metal which because of 
their large surface are good radiators of heat (See Fig 61 and Fig 67 ) 
Cooling IS also often accomplished by the use of water cooled targets, a very 
efficient method because circulating water continuously carries away the heat 
developed Even if the water is not renewed by inlet and outlet pipes, its 
temperature cannot nse above 100°C , hence as long as there is water m the 
water cooler attached to the anode (see Fig 68 and Fig 69), high tempera- 
tures are not possible Still another method consists in the use of an anode 
so massive that a large amount of heat is necessarj to increase its temperature 
an appreciable amount (See Fig 70 ) As most of these cooling devices 
are emplojcd m hot filament tubes, further reference to them will be postponed 
until this tj pc of tube )> under discussion 

56 Thermionic Emission — It has alreadj been noted that in man) 
hot filament tubes the vacuum is nearlj as perfect as modern means of cxliaiis- 
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tion cm mikc it So high k the vicuum that if an attempt is made to use 
one IS -i gas tube, no current pi«cs cten with a ver> high \oltage across the 
tube, Hot\, then, does it operate ? To answer that question, it is necessary 
to c\plain m greater detail the subject of thermionic emission of electrons, to 
which a brief reference was made in section 36 This can best be done bj 
reference to one or two simple evpenments J'/^ure 47 represents a highly 
evliaustcd glass bulb proaided with three electrodes or terminals, 3 joined to an 
mner sheet of metal P which we shall call the plate, 1 and 2 to the ends of a 
filament F of fine wire, tungsten, for example Terminals 1 and 2 are con- 
nected to a storage battery bj means of which current may flow through the 



filament and heat it to incandescence A second circuit including a gal- 
vanometer G or a milliammeter is made bj joining the 110 DC terminals 
/i and £ to 1 and 3 as illustrated m the figure A deflection of G will then 
indicate a current flowing around the circuit to G to 3 to plate to filament to 
1 to 5 Is there any such current? We distinguish two cases (1) With 
filament cold, that is, key open, it is found that, no matter what the polarity 
of A and B is, no current is indicated by G (2) With the filament jn- 
cwo'escmf if icy mWifyS if B JS negative, a xnarted rurrenr as 

indicated, whereas if B is positive, no current passes 

Evidently, therefore, a current passes through such a tube when the filament 
IS hot and when it is ne^at 1 ve Now, what is the explanation? It is found 
in the fact that any hot piece of metal i*. a source of electrons At the surface 
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of meuls a process somewhat akin to evaporation goes on, as a result of which, 
at high temperatures, there is a copious emission of electrons known as a 
thermionic emission In the above tube, therefore, the hot filament liberates 
electrons, if the filament is negative, and the plate positive, since negative 
repels and positive attracts negative electricity, these electrons are driven across 
the vacuum space There is, therefore, a current of electricity which, in this 
case, consists of a stream of negatively charged electrons If the filament is 
positive, however, because of the attraction of positive for negative, the elec- 
trons cannot escape from the filament and no such current exists 

It IS well to note that, although the electrons move from the filament to 
the positive plate, the direction of the current is from plate to filament This 
IS because of the convention that current direction is that in which positive 
electricity moves Negative electrons coming out of a conductor is equivalent 
to positive electncity flowing into it 

57 Hot Filament Rectifiers — It should now be evident that if the 
supply voltage is 11 0 alternating, a stream of electrons will cross the tube 
only during the half cycle when the filament is negative In other words, 
an intermittent but unidirectional current flows in the circuit containing G, 
although an alternating voltage is applied A tube of this sort, frequently 
called a diode, therefore, is an excellent rectifier and has many practical 
applications For example, m high tens on circuits, rectifying valves embody- 
ing this principle have practically replaced the mechanical rectifier discussed 
in section 19 In the next chapter details concerning this method will be 
given 

58 Hot Filament X-Ray Tube — Dr W D Coolidge, of the Gen- 
eral Electnc Research Laboratory, was the first scientist to construct an 
x-ray tube of the hot filament type A tube of this kind differs from the 
gas tube, not because x-rays originate in any different manner, but because 
the stream ol high speed electrons has its origin m an incandescent filament 
Although there are many varieties of hot filament tubes, certain fundamental 
principles are utilized in nearly all of them, and these the student should 
clearly understand 

To begin with, we cannot do better than examine the construction and 
operauon of the Universal Coolidge tube, one so satisfactoiy that, after many 
years of service, it is still on the market in only slightly altered form Figure 
48 IS an actual photograph This type, like almost any other, consists essen- 
tially of a filament F, Fig 49, which acts also as the cathode, and the anode 
A To heat the filament, an independent circuit, called the filament circuit. 
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IS ncccssnr) R, i!,t ori^im! nmn^^mc/it n sf jn e Inwcrj snd B was 
used IS the source of supply for the circu t In the arrangement m actual 
use, IS shown m Fig 50, a branch from the A C mams sippl es a small fila 
ment step-down transformer, the secondary of which is connected m senes 
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Fia 48 The Coo) dge Dno ersa) Hot Fdatnent \ ray Tube. 


With the filament While this arrangement is more convenient it has one 
disadvantage Voltage fluctuations on the line will cause corresponding 
fluctuations m the filament and consequently, as we shall see later, alter the 
milliamperagc through the tube 

To give the necessary h Jth speed to the liberated electrons the hi^h tension 
voltage IS applied to the tube m the usual way, the hot filament being, of 



Fto 49 Simple conwet wis when hJament of a hot filament x ray tube is 
heated by means of a storage battery 

course, negative Since the whole filament circuit is raised to the 1 igh poten 
feal of the cathode, it is necessarf to msuhte the storage batteiy (or the 
filament transformer) The complete circuit therefore, includes (1) the 
usual high tension circu t, (2) the filament circuit In Fig 51 connections 
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Fio So Simple connections when filament is heated by a step down transformer 



Tic 51 ^mpkte connections when a hot filament tube ts operated with high tension 
voltage controlled by au tot r a ns former and rectified by mechanical rectifier 

for the complete arrangement with mechanical rectifier (minus the syn- 
chronous moioT circuit) are shown (In the next chapter diagrams of circuits 
using rectif}ing valves wfll be given ) It will be seen that the high tension 
circuit, which m this case has autotransformer control, is exactly the same as 
that alreail} discussed The new feature is the filament circuit controlled 
b) the filament switch and containing an ammeter to enable an operator to 
read the current heating the filament Bj means of the filament control (a 
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rays or electrons strike In the gas x-ray tube, the beam is focused on this 
spot partly because oi the shape of the cathode, partly because the walls of the 
tube in the neighborhood acquire a negative charge and this charge exerts a 
repulsive effect on the beam of electrons In hot filament tubes focusing is 
brought about partly because the electric field which exists between cathode 



FiCi 52 Focusing device in the universal Coolidge Tube 


and anode directs the beam of electrons towards the target, but more so because 
of the actual structure of the cathode itself In the universal tube, for 
example, the filament, wrapped into a small flat spiral, is surrounded by a 
concentric metal cylinder, one end of which projects a little beyond the 
filament, as shown in Fig. 52. The other end is attached to the flange 
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Fic 53 A focusing arrangement in a hot Fic 54 A close up view of filaments in a 
fihment tube double filament tube. 

As the cjlmder and flange, and the filament itself are all in electrical contact 
with the negative high tension terminal, .a repulsive force acts on the liberated 
electrons. A somewhat similar arrangement is shown in Fig S3, a diagram 
taken from literature of the Philips’ X-ray works. Figure 54 is a close-up 
photograph showing the actual relation of the filaments, in a special double- 
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fihmcnt tulw, to the s.irrounJm^s 15) „ Hlnncnts of different shapes 
and adjusting the rchtisc position of the parts, ft cal spots of different sizes 
are obtained 

“The /fxral spot size, shape, and distribution can be controlled almost 
entirel) b} the filament size, shape and position relative to the rest of the 
cathode structure “ (Gross and Atlec ) 

61. The Anode and Target — In the universal tube, the anode head 
IS of solid fun,^tcn, whose inclined face forms the target, as shown in Fig 48 
No cooling device is added, it being possible to operate the tube with the 
anode white hot, provaded unidirectional voltage is applied 

In later sections reference will be made to tubes of other design 

62 Control of Tube Current — In the gas tube we have seen that the 
residual gas ts conducting, the current consisting of a stream of positive ions 
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m one direction, along with cathode raj's in the opposite direct on In the 
hot fitament tube the current conssts solelj of the stream of negative electrons 
liberated from the filament How is the magnitude of this current controlled? 
In order to understand the answer to that question it is well to recall that an 
dectnc current is measured by the total quantity of electncity passing each 
second any “ point ” on the circuit If, therefore, more electrons are trans- 
ferred everj second from the filament to the target, the tube current will be 
greater Now work on thermionic emission has shown that the higher 
the temperature of the hot filament the greater the Supply of electrons T/ie 
mdhamferege through the tube, therefore, can he increased simply by tncreas 
sng the filament heating current But, it is asked, where does voltage come 
in? That can be answered with reference to experimental results such as 
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Siven m Tnbles VIII nnd I\ (nken from Gencnl I Icctnc Co litenturc) 
The numbers m Fable VIII refer to a tube whose filament current wis kept 
constant at 3 6 amperes 

Greater and greater voltages wcic applied to the tube, and for each value 
the corresponding tube current was measured It will he noticed that, while 
at first the tube current increases with increasing voltage, a stage is retched at 
which increase in voltage produces si ght increase in mdliampcragc Those 
who prefer to stud} results in graphs rather than in tables will see that Curve A, 
Fig 55, shows the same result even more clearly In Table IX and Curve R, 
Fig 55, the same result is shown for a different filament current, the onlj 



difference in the two cases being that the maximum tube current in the latter 
IS greater Experiment tells us, then, that corresponding to each filament 
current, there ts a maximum value oj the tube current, which is tndepetident of 
the applied voltage The explanation of this maximum current — called the 
saturation current — is simple enough The available supplj of electrons from 
a hot filament depends on its temperature and therefore on the magnitude of 
the filament current Evidently no more electrons can be transported across 
the tube per second than are liberated each second from the filament 

The student may wonder why all the liberated electrons should not be 
transported to the anode at low as well as at high voltages The chief reason 
for this hes m the existence of what is called the space charge Suppose a 
filament is heated without the application of a potential difference between 
filament and anode The evaporated electrons then form a cloud of negative 
e ectncity in the space immediately surrounding the filament Since negative 
electricity repels negative, due to this space charge there is a strong repulsive 
force which not only prevents the emission of further electrons but also 
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drives electrons hack into the filament When i comparatively small 
%oltage IS applied across the electrodes (with anode positive), the electrons 
move to the anode and a current is recorded But with low voltages the 
speed of the electrons is not great, and they are present in sufficient numbers 
m the region between the electrodes to continue to exert a backward force on 
those electrons near the filament For a given field between the electrodes 
and a fixed filament temperature, a balance is reached when electrons are 
emitted from the filament at such a rate that the force on those near the 
filament due to the space charge cancels the applied electric field 

As higher and higher voltages are applied, a greater and greater number of 
electrons is transported each second across the tube until ultimately all the 
electrons emitted bj the filament reach the anode As already noted we have 
then the saturation current Hot filament x ray tubes may therefore be 
designed so that control of the tube current is exercised in two ways (a) by 
total emission of electrons from the heated filament, (b) by the utilization 
of space charge If the applied voltage is sufficiently high to ensure satura- 
t)on current, the tube current 
depends onlj on the temperature 
of the filament, that is, on the 
total electron emission In this 
case the tube current is readily 
altered by changing the filament 
current, whose magnitude is read 
off the ammeter in the filament 
circuit It IS, then, highly de- 
sirable that the operator of a 
particular tube should know the 
tube (saturation) current corre- 
sponding to each ammeter read- 
ing Such information he can 
readily obtain for himself by tak 
mg, for each of several filament 
current values, the saturation tube current He will then have a table similar 
to Table X (a copy of some actual results taken from an early paper by Dr 
\V D Coohdge) 

By plotting these results an extremely useful curve similar to that in Fig 56 
will be obtained Figure 57 is a copy of a similar curve for a Universal tube 
taken from advertising literature 

When a tube current is controlled by a space charge, it must be operated on 
the curved part of the graphs reproduced in Fig 55 In other words, the fila- 
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merit temperature must be sufficiently high tint, within the range of voltages 
utilized, saturation current is never attuned 



Although in emission control an increase in voltage beyond the value neces- 
sary to produce saturation does not alter the magnitude of the tube current, 
It does alter the nature of the beam of x-rays (Sec 
section 110) Moreover, an increase in voltage 
beyond this point means an increase m the electrical 
power supplied the tube Care should be exercised, 
therefore, not to exceed the maximum voltage and 
maxirnum power which is safe to use with a particular 
tube (See section 67 ) 

63 Voltage Stabilizer — In connection with 
the relation between filament current and tube cur- 
rent It IS important Id note that a very slight change 
in the filament current may produce a big change 
in the tube current If we take some actual numbers 
from the curve of Fig 57, we see that with filament 
current 4 amperes, the tube current is 40 ma , while 
an increase to 4i amperes raises the tube current to 
100 ma This has an important practical aspect 
Should the filament current fluctuate, there will he 
Fic 57 Graph current — as much as a 

that a slight change in P®*" change fora 1 per cent change m filament 

„“k'd'.h."s “’,7"' O’'* "«> 

m lube current Storage battenes are used as the source of supply 

filament circuit, voltage fluctuations are negli- 
gi e Unfortunately, however, storage battenes are not so convenient as a 
filament transformer, and the latter ts almost entirely used The supply for 
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the transformer js commercnl A C , and m this Case voltage fluctuations are 
inevitable. Most readers will have observed a sudden dimming of incandescent 
hghts when, perhaps in another part of the house, an electnc iron or toaster is 
turned on The voltage applied to the lamps has lowered because of the 
greater “ load ” put on Now, such sudden changes in voltages are almost 
inevitable when working with a suppl) used for many purposes and in many 
places In Using a hot filament tube with filament transformer, therefore, 
and with no special means for getting nd of voltage fluctuations, marked 
changes in milliamperagc may occur 



Fic 58 To illustrate the operation of the Kearsle> Stabilizer 


By means of a voltage stabilizer, however, it is possible to maintain a 
constant tube current in spite of voltage fluctuations 

The st udent will un derstand that an; arran geme nt in which resistance or 
impedance mw ases (or decreases) in step with an increase (or decrease) in 
volta ge wilt maintain a constant current m any ordina ry ci rcuit For example,' 
there I's a t)pe of lamp (using iron wire in an atmosphere of hydrogen) which 
gives the same current for a wide range of applied voltages This is because 
the resistance of the lamp increases with rise in temperature and hence with 
an increase m the power supplied In this special lamp the increase m resist- 
ance just compensates for the increase in voltage This pnnciple of adding 
resistance when the voltage goes up, is utilized in the Kearsley Stahhzer 
This stabilizer, designed bj Kearsley of the General Electnc, makes use 
of a mechanical device which automatically throws more resistance m the 
filament circuit when the voltage rises and cuts out resistance when the voltage 
drops The stabhzer in actual vise is not c^urte so simple as that shown in 
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Fig 58, but this dngram will make clear its basic principle It will be noted 
that the filament circuit includes the secondary of the filament transformer, 
the filament itself, and a resistance R in parallel with a branch APB of very 
low resistance This branch circuit is sometimes open, sometimes closed, 
because it contains an interrupter, similar to the hammer break of an induction 
coil, controlled b) the electromagnet M in the high tension tube circuit 
When a tube current is flowing, M is magnetized, the soft iron piece C is 
attracted, and the contact at P is broken ‘Provided the pull on C is great 
enough to overcome the tension of the controlling spring S The greater the 
tension of this spnng, the greater the tube current necessary to separate the con- 
tacts, or, for fixed tension, the farther away the electromagnet, the greater the 
tube current 

Considering now tbe filament circuit as a whole, we see that it has two 
possblc resistance values (1) a high value, when the contact at P is open 
and the resistance R is the only path between A and B, and (2) a low value, 
when the contact is closed, and R is shunted by a very low resistance In 
actual use, when the electromagnet and 
the spnng are set for a desired tube 
current, and the circuits are closed, the 

e interrupter is in a state of rapid vibration, 

9jrrvr the resistance of the filament circuit alter- 
nating between the high and the low 
values There is then a resultant average 
value for the net resistance and hence with 
steady applied voltage, both filament and 
tube currents remain constant If the line 
voltage suddenly increases, the milhampcr- 
age through the tube docs not increase 

o because the high resistance R is thrown m 

f^r a longer portion of the total time and so 

1 2 rrr cent V am uon in voltage or\ the thus compensating for the rise in voltage 
On the other hand, if the voltage drops, 
the contact points at P remain dosed for a 
longer fraction of the time, the average filament resistance becomes less, and 
once more the tube current remains constant 

The Kearslej stabilizer, it will be noted, maintains a constant tube current 
bj automatic control of the filament current The eomt<int voltage staldtzer, 
another t)pe which m wmc respects is more su table for the tjpe of x-ra> 
apparatus now on the market is so designed that, when a fluctuating line 
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voltage IS applied to the input side of the stabilizer, an almost steady voltage 
can be taken off the output side A good stabilizer of this kind shows a 
aanation of only 1 per cent m the output voltage when the input fluctuates 
as much as 12 per cent It is not eisj for anyone not trained in electrical 
engineering to understand fully the operation of this type of stabilizer, but 
the diagram in Fig 59 will give a general idea of the arrangement used 
Tor this diagram the author is indebted to Mr VV C Baldwin, manager of 
the Engineering Service of the General Electric X ray Corporation Mr 
Baldwnn states that their product, “ The Universal Stabilizer, as most other 
stabilizers basically consists of a saturated core reactor and an air gap reactor 
run well below saturation ” 

64 X-Ray Protection and Metalix Tube — Although a detailed 
discussion of the properties of x-rays has not yet been given, probably all 
medical students are aware that unwanted x-ray s falling on the body of either 
patient or operator may have senous injunous effects It is very necessary, 
therefore, to provide adequate protection against such rays To do this 
many precautions must be taken (see section 113), but obviously the first step 
is to sec that, if possible, the beam of rays leaving the tube is restneted to a 



Fio 60 Schemahc d igram of metalix x ray tube 


narrow bundle To some extent this can be accomplished by surrounding 
the bowl of the tube with some matenal which absorbs all or nearly all the 
rays which strike it An opening, of course, must be left to allow the passage 
of the useful cone of rays Some of the earlier tubes were so covered with 
a protecting covering of rubber impregnated with lead oxide, lead being an 
excellent absorbing material for ordinary x rays, or with a protecting bowl 
of thick lead glass 

A radical departure in x ray tube protection and in tube design was embodied 
in the so-called metdtx tube, first put on the market by the Philips’ Gloeilampen- 
^abneken X-ray Works Holland Although Coolidge, as early as 1915, 
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had experimented with -i metil tube, the mctnlix was the first which used 
the pnnciple of metallic protection in the tube itself, to be put in the hinds 
of radologists The mam features of this tjpe will be understood b} i 
study of Fig 60 md Fig 61 which shows its general appearance The 
tube consists essentially oi a cylinder of chromuim-iron alloy, fl, in I ig 60, 
which at each end is sealed to the re-entrant gliss cylinders G,G A window 
W placed opposite the target permits the passage of all hut the softest x-rayS 
The protection provided by the central metil cylinder iS greatly increased by 
a layer of lead which surrounds it In addition, the somewhat massive anode 
and the cathode ass St in cutting off unwanted rays, particularly longitudinally. 
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Fic 61 TVic Metahx it lay lubc 

and a layer of bakelite, which forms the casing of the whole tube, adds more 
protection At the same time this casing shields the bright light of the 
incandescent filament and mechanically is a protection to the glass 

The General Electric X ray Corporation have a tube, somewhat similar 
in appearance, in which an all glass cylindrical envelope is surrounded by a 
removable casing, providing both protection and insulation 

65 Line Focus — The metahx tube introduced 'mother new feature m 
x-ray tubes, and that was the use of a linear instead of a circular spot, a sug- 
gestion onginally made by Goltze To understand the significance of this 
charge, the student must be clear about two points The first has to do with 
the intense local heating generated at the focal spot (Recall section 55 ) 
Concerning this it should be evident that the larger the area over which this 
heat IS developed, that is, the larger the focal spot, the lower the resulting 
temperature and the less the danger of destroying the tube The second point 
concerns the relation of the size of the focal spot to the sharpness of the picture 
when the shadow of an object is observed on a fluorescent screen or a photo- 
graphic plate If the student will think of x-rays as invisible light (as indeed 
they are), he will realize that the smaller the dimensions of the source of the 
beam the sharper the shadow picture of an object, unless it is a flat one placed 
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dose to the screen or plate Figure 62, which illustrates the point, will be 
very familiar to anyone who has taken a course in elementary light For 
sharp detail, therefore, the focal spot should be as small as possible 




Fio 62 In (a) the small source of light P casts a sharp shadow of the obstacle 0, in (b) the 
broad source gives nse to the deep shadow AB surrounded by a penumbra 


b 


But if the focal spot is very small, the power input (the “ load ” on the 
tube) must be kept small because of the temperature effect, and frequently 
It IS not desirable to restrict the power For example, the smaller the power, 
tlie longer the exposure when x-ray photographs are made, and in many cases 
It IS necessary to have short exposures 

Designers of x-ray tubes, therefore, were faced with the problem of com- 
bining sharp shadows with short exposures, ^ 

or in other words, of retaining the equivalent 
of small focal spots with adequate power 
input The problem was solved in two ways, 

( 1 ) by the use of a Itne focal spot, as m the 
metalixtube, and (2) by the use of a rotating 
anode (see section 66). 

In the metalix tube, and many others since 
placed on the market, a linear filament is so 
placed in relation to the surrounding cathode 
that a focal spot of the shape AB, Fig 63 a, is 
formed on the face of the target TT', this 
face being inclined to the axis of the tube at 
an angle of 71°, not the 45° previously used 

with, curorlajc siyits Now^ althnu^ the actual leng,th. of the focal spot is 
several times its width, to an observer looking along the central part of the 
beam of x-rays, its effective length, in so far as its ability to cast shadows is 
concerned, is only CD Thus, although the ictual total area of the spot is as 
illustrated in Fig 63b, its effective “ shadow-casting *’ area is more like Fig 
63c Because of the greater actual area, it is possible to use an electric load on 


'ic 63 AB represents the actual 
area of the focal spot, CD the pro- 
jected area looking along the dotted 



84 


ROENTGEN TUBES 



the tube considerably greater than when a spot of nctiial area Fig 63c is 
formed on a 45° face target 

66 Rotating Anode — To permit the use of still 
higher amounts of power, tubes with retoKmg anodes 
have been designed by the Philips’ X-rij Works, the 
General Electnc X-ra) Corporation, Machlett Labora- 
tories and others In lubes of this kind, although the focal 
spot IS stationary and of the rectangular shape shown by 
the black spot m Fig 64, because the anode is kept m 
rotation, the area over which heat is des eloped is the 
annular space shown in this figure h) the dotted circles 
' In the General Electric tube illustrated in Fig 65 and 
Fig 66, a disc of tungsten is rotated at a speed of 3000 
r^rwent^the P by an induction motor whose Stator is outside the 
bevelled edge of a evacuated part of the tube The electron beam stnkes the 
bang"^the**°a«od beveled edge of this disc, clearly shown in Fig 65, giving 
area of the focal nse (along the center of the useful beam of rays) to an 
effective spot which, in one tube, is 2 mm X 2 mm when 
the actual area over which heat is produced is 7 mm (the length of the actual 
spot) X 190 mm (the mean circumference of the annular area) With such 
a tube, therefore, high power inputs are possible without losing the advantages 
of a small focal spot For example, with a certain tube of this type, with an 
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Fig 65 A rotating anode tube 



Tig 66 D agram showing the essential features of 


rotating anode tube 
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effective focal area as small as 1 mm X 1 mm , it ,s possible to use the same 
inptit and same exposure time as for an effective spot of 3 8 mm X 
3 8 mm with a stationary anode 

V* 67. Rating —■ F rom the preceding sections, it should be endent that it ss 
highl) desirable to know the maximum power which may safely be supplied 





Fie 67 A radiator X ray tube 



nmrlejy ffttUpi ClorUamptn/Q^riikm X-rcg 
Flo 68 A water cooled x ray tube 
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Fio 69 A water cooled x ray tube 


to a tube, as w ell as the time this or anj lesser amount may be used This is 
what is meant by rating 

In considering this question the student should realize that only a vei^ 
small fraction of the total energy supplied a tube goes into the energ} of the 
X ray beam The remainder, which goes into heat, is a *' dead loss,” and, 
as we have already pointed out in sect on 55, steps must be taken to remove 
that heat sufficiently rapidly to prevent injury to the tube In that seebon 
reference has been made to most of the ways in which rapid rise in temperature 
IS presented Note again Figs 61 and 67, m which the tubes are equipped 
with radator fins to disspate the beat conducted along the anode, and Figs 
68 and 69 illustrating tubes provided with witcrcoolmg Note, also Fig 70, 
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^vh.ch shows clearly a missive blackened coolmg sphere at the end of an anode 
whrch .tself has a high thermal capacity The student will recall that bhck 
bodies are good radiators, and that the higher the thermal capacity of a sub* 
stance, the lower the temperature rise for a fixed -imount of heit 

The actual quantity of heat developed is directl) proportional to the tout 
energy put into the tube and that, it will be remembered, depends on the 


Courte^K X tan Wo 

Fig 70 An x ray tube with a massive anode and blaekencd coohnt. sphere 


product voltage X current X time (Recall Vlt joules in ordinary circuits ) 
If, then, a radiologist 15 told that a certain tube can be safely operated for 30 
seconds, at 85 kilovolts peak (Kv P ) with a current of 30 ma , he has a 
rating which is simple and definite But it does not give enough information 
He may want to know how long the tube may be used with 5 ma at the same 
or some other Kv P , of he may wonder how the rating is altered when a 
change is made in the operation of the tube from a constant voltage generator 



to one m which energy is utilized only m -ilternate half-'cycles (see next 
chapter) 

Modern pract ce gives the answer to such questions because the manufacturer 
supplies charts from which exposure times can be read off for corresponding 
voltage and current values, a separate chart being supplied for each type of 
supply equipment, such as full wave, half wave (Again see next chapter ) 
Figure 71, taken from General Electric literature is an example of one of the 
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actual charts for the Coolidge Tube unit DX2-4 5 It applies when a 
2 0 X 20 mm focal spot is used and the tube is operated on full wave 
rectified equipment To make sure thit he understands the use of such a 
chart, the student should check the values given m Table XI These are 
read off one of the graphs of Fig 71 


Table XI 


Kv P 

ma 

Exposure Time 

100 

60 

1/20 sec 

86 

60 

1/5 

70 

60 

1 

54 

60 

5 

40 

60 

20 


It IS important to note that, although the exposure time in the first line of 
this table is 400 times less than that in the last line, the power Supplied the 
tube IS only 2J times greater In other words, it is a bad mistake to assume 
that if It IS permissible to expose for I second with a certain amount of 
power, that five times that amount could be used for a fifth of a second 
Time must be allowed for heat developed to be removed, hence a greater and 
greater limitation is placed on the permissble power the shorter we make 
the exposure 

68 Shockproof Tubes — In section 64 reference was made to the 
necessity of protecting a tube so that x rays do not leave it m unwanted direc- 
tions Protection against electrical shock ansing from contact with high 
tension wires is equallj important For a great many years both the electrical 
leads to a tube and its terminals were unprotected and there wasalwajs present 
very real danger of bad electncal shocks to patient and operator because of 
accidental contact with these conductors Nowadaj s, although this danger is 
still often present, many tubes are shockproof, that is, they are So protected 
that it IS perfectly safe to put one’s hand on the casing in which the tube is 
housed 

Figures 72 and 73 illustrate the general appearance of two such tubes 
The means of providing protection is extremely simple The tube proper is 
enclosed m a metal case which is grounded, and the high tension leads to the 
tube are surrounded by heavj insulating material around which a flexible 
grounded metallic casing is wrapped 

69 Oll-immersion — The design and general arrangement of the 
earthed casing of a shockproof tube must be such that there is no danger of 
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LOW VOLTAGE TUBES 


breakdown Sparking between an} high tens on part of the tube and the sur- 
rounding casing In Fig 73, a Philips' tube, this is done by suitable design 
cf the parts In Fig 72, a General Electnc tube, the space between the tube 
and the casing is filled with oil, the whole being hermetically sealed Because 
of Its insulating properties oil minim zes the space necessary between high 
tension and earthed parts The use of oil also makes the arrangement inde- 
pendent of atmospheric conditions and, moreover, ‘ o 1 is superior to air as 
a heat absorbing and cooling medium " 

In this connect on it is interesting to note that the General Electnc Corpo- 
ration have units in which not onlj the x ray tube, but also the high sohige 
equipment, transformer and all, are enclosed in oil in a grounded container 

70 Low Voltage Tubes — A tube operated on voltages of the order of 
50,000 volts has been desij,ned largely because of the work of Chaoul, for 
the treatment of both malignant and nonmalignant skin diseases The im- 



portant feature of the Chaoul tube is the anode end The electrons, indicated 
by the dotted lines in Fig 74, pass down an earthed metal cylinder and strike 
at Its far end a target T, made of gold plated nickel only 0 15 mm thick 
Water circulating m a narrow region around the target end of the c}linder 
effectively cools the target Because of the extremely small thickness of the 
target the x-ra}s generated pass through it with slight absorption, is well as 
through the 2 mm th ckness of water between the target and the outer wall 
W A conical appl cator CC si pped over the end of the tube rests on the 
skin of a patient, the ra}s striking the skin at focal distances of only a few 
centimeters 

In Chapter X information will be given concerning the connection between 
the kind of ra)s leatang an} tjpe of tube and the applied \oltage In the 
Chaoul therapj tube the toltage is of the order of 10 OOO \olts 

71 Low Voltage Tube Emitting Rays of High Intensity — 

Machlett Laboratories, Tnc , reccntl} haie put on the market an x rat tube 
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designed to produce x-ray beams of intensities thousands of times greater 
than any which have been described in this chapter A brief reference will be 
made to one or two novel ideas utilized in this tube, a photograph of which 



covrtesv Mnehleu LaHoralorief Inc 

Fig 7S Photograph of a low voltage high power tube of new design 


IS reproduced in Fig 75 The dome at the extreme end of the tube, repre- 
sented by DD in Fig 76, is an approximately hemispherical window made of 
the metal beryllium, a matenal which, as will be seen in Chapter X, absorbs 
X rays of long wave lengths to an extremely slight degree. The beryl- 
lium window is at ground potential and is 
in electrical contact with the cathode 
which IS a heated filament, annular in 
shape, being represented by CC in Fig 
76 The water cooled anode /f is at a 
potential of some 60 kilovolts above 
ground, the face of the target T extend- 
ing beyond the level of the cathode 
Because of the electric field between the 
positive anode and the negative cathode 
(and window) the liberated electrons 

P , traverse a path somewhat as shown by 

Fig 76 DD represents the dome of the a J 1 u ^ k *1, 

tube shown m Fig 75, CC the cathode, dotted lines in the figure, hitting the 

anode T the tarset target at the focal spot By varying the 
1 he black spot at the top is a p nhole j , , , 

photognph of the focal spot distance between the target and the win- 



dow, the nature of the focal spot can be 
The black spot at the top of Fig 76 is a pinhole photograph of 
t e ocal spot for one arrangement Ant cipating later work on dosage, 
we may mention m passing that, with a tube of this kind operated at 60 kilo- 
volts ana a current of 100 ma the manufacturers estimate that intensities 
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of the onlcr of 5 million roentgens per minute are obtained, over an area 
of 25 sq cm. Bj v\aj of contrast, dosage values in Chaoul therapy are of 
the order of lOO roentgens per minute at a distance of some 5 cm from the 
target. 


PROBLEMS AND QUESTIONS 

I. Compare the hot filament x*ray tube ■nith the gis x ray tube with respect to (i) 
degree of \acuum, (ii) origin of electrons, (ui) control of current 

2 WTiat IS the chief advantage of a line focus over a circular focal spot whose 
diameter js equal to the width of the line^ 

3 ^V'hat methods are used to keep the target of an x-ray tube cool? Why is this 
di.5irablc> 

4 What arc two special features of the mctalix x-ray tube? 

5 Dtsenbe very briefly three means which are utilized for keeping down the tem- 
perature of the target of a tube 

6 Discuss the blackening of a gas tube with reference to its causes and the means of 
lessening it 

7 Discuss the relation of the size of the focal spot to (i) the power which may he 
supplied to a tube, (ii) the character of the radiographs taken, (iii) the question of 
treatment 

8. WTij should a target of an x-ray tube be of high atomic weight > 

9 When a hot filament tube « ;n goorJ condition and 100,000 loJts ace applied across 
Its terminals, the filament circuit not on, what s?iou?d the milliampcre meter reaJt j/ m 
such a case a glow were observed in the bulb, what conclusion would you draw? 

to What IS meant bj saturation fulie current? 

It What effect has increasing the voltage across a hot filament tube on the tube 
current? What effect in the case of a gas tube? 

12 What connection is there between the focal spot and the input of an x ray bulb? 
Why may much larger x ray tube currents be used for a short time than for long periods? 

IJ Describe as fully as jou can the essential features of a good modern x ray tube 
suitable for general diagnostic work 

14 W'hat arc the special features of the Chioul therapy tube? 

15 W'hat IS the special advantage of the rotating anode tube? 

16 Make a diagram to illustrate the principle of a stabilizer by means of which a hot 
filament lube current may be kept constant 

17 A slight increase m the voltage applied to a Coolidge tube in general does not 
change the tube current, whereas a slight change in the filament current may cause a 
marked change in the tube current Explain the reason 

18 In a hot filament x ray tube, explain (i) two methods of obtaining the equivalent 
of small focal spots with adequate power input, (n) two methods of keeping the target 
cool 

C9 Find the number of electrons wliicb hit the target of a hot fflamenl x-ray tube 
m 2 seconds, if the tube current is 20 mi 

20 Name and explain two ways of utilizing an increased amount of power in an x ray 
lube vvithout enlarging the effective size of the focal spot 
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VALVE RECTinCATION 

72 Self-rectifymg Tubes — Wc h^^c ilrci.l) cmpJn^i/cd tint elec- 
trons leave a hot filnnuni <.nlj when ii is iic^'ativc. Hence, if a lube such is 
the Universal Coolulgc is phtva ilirccil> across ilie higli Icnuon terminals of 
1 transformer, current onlimnl) 
passes onl) when the cntl of the 
secontlar) of the transformer which 
IS attached to the anode, is positive 
Itv the next half c^clc, when this 
end IS negative, no current passes 
Provided certain precautions are 
observed thercfi re, a lube tan act 
as us own rectifier, and so be used 

1 1 Flo 77 An x ray tube acting as iw own rtetifier 

with the Simple arrangement shown ' r ■> 

in Fig 77 This IS known as Sflj-rectifiioliori In I ij. 78 graph («) repre- 
sents the theoretical wave-form of the voltage applied to the tube, and {/») 
shows the theoretical* correspondini^ tube current Note that it is intermittent 
but unidirectional 

In actual practice, in the great majoni) of eases, it docs not do to let a 
tube act as its own rectifier As wc have alrcad) pointed out more than 
once, the focal spot on the target mi) become ver) hot In the Universal 

tube, the whole anode sometimes becomes white hot Now an) metal 

emits thermionic electrons at high temperatures, hence, if an alternating high 
tension potential is applied to the tube, there is alwa)S the danger that, during 
the half-cycle when the anode is negative, it will emit electrons due to a high 
temperature Such an emission is disastrous to the tube In addition to 
causing the liberation of unwanted x-ra)s from places where these electrons 
strike, this beam from a hot anode maj destroy the tube by the damage it docs 
on impact More often than not, therefore, hot filament tubes ire operated 

* By means of osc llographs the actual form of the curve can be obtained Although 
It departs somewhat from the smooth type of curve shown in Fig 78, the form of the 
current graph obtained by the oscillograph si ows clearly the suppress on of each half 
cycle 
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on voltage uJ»eh ha, he,n rmificd, an<i m^amhh the rectifiers used arc of 
the \alvc t)pc, not the mechanical rotating disc desenbed m section 19 



Flo 78 In self rectification, or half wave tube Current flows only 
tn alfcmate half-cycles 


73 Valve Rectifiers — As lone ago as J 91 5 Dr Saul Dushmw, of the 
General Electnc Reccircji Labontor}, designed a rectifying valve for use in 
x-ray circuits, to which the mrne ienoiron was given The simple arrange- 
ment utiliring a rectifying valve is shown in Tig 79, where a single valve V 
IS in Senes With the secondary of the 
high tension transformer and the 
tube T Xt IS well to note that, ;n 
order to avoid confusion, tn all our 
diagrams we represent a valve hy a 
circular diagram and an x ray tube 
by a cy Iindncal one Actually they 
may both be cy hndncal in shape 
Although in one sense a rectifying 
valve and a hot filament x-ray tube 

an anode and a hot filament cathode 
and each perm/ftmg the iTow of electrons only when the fi/ament k Aof anJ 
when It IS negative, nevertheless there are important differences A tube is 
primarily for the production of x rays, whereas m a good valve, x-rays must not 
be generated To avoid their production, the electrons must not be allowed to 
cross the valve at high speed, or, m other words, the voltage drop across the 
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72 ScU-rcctjfying Tubes — Uc }u^c alrrailj cmpfm /nl that rlfc- 
inms leave a hot fihmrnl only when it to negative, Urmc. >l a tw'^: %wvh a' 
the Univcroal Coolul^c iv [tliici! ihrntb acroso il,c hi.h tr»o ■ n trrmmab «»( 
a tntisformcr, current tinlimnh 
pisocs onl) when the en«l of tlie 
secondary <if the tranoforiner w Inch 
IS attached to the anode, is positive 
Jw nrtf inlf-cidr, n)>rn thit 
end IS negative, no current pisses 
Pronded ccrtiin premitions are 
oWrvcd, therefore a tnhc can act 
as Its own rcttifjer, md so lie used 
with the simple arranu-ement shown ” Ante ray tuJ.e .et.nj,ntso*nf«ufef 

in Fig 77 This IS known IS »e//-ri-ir/^»rirn»i In I ij 7S graph (<») 

sents the theoretical w ive-form of the ii Iti^e applied to the tulie, and (/) 
shows the theoreiicil* corrcspondin,: tiihc current Note that it « intermittent 
but unidirectional 

In actual practice, m the great majont\ of cases, n docs not do to let a 
tube act as its own rectifier \s we have ilrcadt pointed out more than 
once, the focal sjvit on the target may betomc scry hot In the Universal 

tube, the whole anode sometimes becomes uhitc hot Now anv metal 

emits thermionic electrons at hij.h temperatures, hence, if an alternating hi;h 
tension potential is applied to the tube, there i'. alwavs the dancer that, dunnC 
the half cycle when the anode is negative, it will emit electrons due to a high 
temperature Such an emission is disastrous to the tube In addition to 
causing the liberation of unwanted x-rays from places where these electrons 
strike, this beam from a hot anode may destroy the tube by the damise it does 
on impact More often than not, therefore, hot filament tubes arc operated 

* By means of oscillographs the actual form of the curve can he obtained Although 
it departs somewhat from the smooth type of curie shown in Fig 78, the form of the 
current graph obtained by the oscillograph shows clearly the suppre«ioo of each half- 
cycle 
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on voltage which has been rectified, and invariably the rectifiers used are of 
the val\e type, not the mechanical rotating disc desenbed in section 19 




1 

Fic 78 I n self rectification, or half wave, tube current flows only 
in alternate half-c>cles 


73. Valve Rectifiers. — As long ago as 1915 Dr Saul Dushman, of the 
General Electnc Research Laboratory, designed a recti^mg va ve or use in 
x-ray circuits, to which the name kenoiron was given he simp e arrang 
ment utilizing a rectifying valve is shown in Fig 79, ^ nni the 

^ ^ ,s ,n senes with the secondary of the 

high tension transformer and the 
tuber It IS well to note that, in 
order to avoid confusion, in all our 
diagrams we represent a valve by a 
circular diagram and an x ray tube 
by a cylindncal one Actually they 
may both be cylindncal m shape 
Although m one sense a rectifying 
valve and a hot filament x-ray tube 
are essentially the same, each with 

, - an anode and a hot filament wthode 

and each permitting the flow of electrons only when the filament is 
when It IS negative: nevertheless there are important 
pnmarily for the production of x-ray s, whereas in a good va ve, x 7 , 

be generated To avoid their production, the electrons must "^^e 
cross the valve at high speed, or, in other words, the vo tage p 



re rectification by means of s 
:s with the tube T 



VAT VE RECTIl ICATIOM 


%ilve must Ic innll This is nlso desinhle, bcciusc the greater tlie voUigc 
drop across a vaisc placed as in I ig 79, the less the voltage avatlahlc for 
the tube 

In a good valve then, the aim is to pass a high current at a low voltage 
lo insure th s the valve must be so designed that the current through it is 
consderably below the saturation value In section 62, the meaning of 
saturation current for an x ra> tube was explained, use being made of the 
graphs of Fig 55 because of the fundamental similant} between a tube 
and a (vacuum) valve, the same type of graphs apply to a valve In fact. 



Fig 80 taken from literature of the Pulps’ Metal x Companj, shows two 
similar ^^raphs for two d flrerent t}pes of rectifying valves A glance at 
graph 1 will show that the valve to wh ch this applies will pass a current of 
300 ma when the voltage across it is less than 200 volts, a very small 
amount compared with tube voltages 


74 Types of Valves — The original kenotron and the kind of valve 
first put on the market by the Phil ps’ X ray Works were simple diode tubes, 
consisting essentially of the filament (and associated cathode) and the anode, 
m a highly exhausted glass container In some respects this arrangement 
proved unsatisfactory because with an unprotected filament, a negative charge 
collects on the inner surface of the glass walls and this makes the valve erratic 
m its behavior To quote from General Electric literature “ this charge 
(the charging of the walls) produces a grid action wh ch under vatiablc circuit 
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conditions maj produce a \ohage drop as high as 10,000 to 20,000 volts” 
To overcome this defect, different devices have been used For example 
the General Electric now use “a c>!indrical anode with a spiral filament 
inside. Since the filament is thus surrounded, no negative charge accumu- 
lates on the glass container as all the electrons are caught by the anode 
Figure 81 is a photograph of a kenotron of this type 



Counay Omeml Elearie X-ray Caryartalon 

Fjg 81 A kenotron (rectifying valve) with cylindrical anode 
surrounding a spiral filament 

The Philips’ Metilix Company have overcome the difficulty by making one 
end of the valve a metal c)lmdrical cap, which fulfills the double function 
of forming part of the container and acting as the anode This anode 
all directions except in that of the insulating stem 
which supports the filament ” The general ar- 
rangement IS shown m Fig 82 In Fig 80, 
curve 1 applies to a metalix valve of this sort, curve 
2 to one with a glass envelope, the filament current 
in each case being the same The marked supc- 
riontj of the metalix valve is obvious 

Figure 83 shows the external appearance of a 
valve of a different kind, recently put on the 
market by the Philips’ Company. In this tjpe 
residual gas is left m the valve and use is made of 
cumulative ionization by collision Just as m the 
high vacuum type, electrons are emitted from the 
filament (of the dull emitter type) when it is nega- 
tne, but the current is no longer a pure electron 
stream, for the gas is ionized by the colliding elec- 
trons On the reverse half-cycle, when the fila- 
ment is positive there is no electron emission and 
no ionization In this type the manufacturer states that “ the voltage drop 
across it remains constant at a figure of the order of 50 volts” and that 
“ hollow intermediati; conductors, situated at intervals along the interior of 
the discharge tube are interconnected by condensers which encircle the unit 
and perform the fiinct on of distributing the potential by equal stages along 


“incloses the filament r 



PhUipt 


Fic 82 D agram of a recti 
fyirg valve with metal anode 
surround ng the filament 




96 VALVE RECTIFICATION 

the length of the valve” Currents as high as 1000 ma. are possible with 
this kind of valve. 

75. Half-wave Rectification. — Attention has already been directed to 
Fig. 77, the simple self-rectified circuit, and to Fig. 79, where a single recti- 
fying valve in series with the tube gives rectification and added protection 
To each of these circuits Fig 78 is applicable With the arrangement shown 



Coun«v fAlllpj X-rav TVerfci 

Fio 83 A rectifying valve which will carry currents as high as 1000 ma 

in Fig 79, however, it is possible to use greater amounts of power than if 
the tube were its own rectifier. This figure illustrates the simplest case of 
hall-wave recttfication 

76. Full-wave Rectification. — Figures 84(7 and 84i illustrate a t}pe 
of rectified circuit in common use, the so-called Graetz circuit In Fig. 84/7 



the arrows indicate the direction of the current during the half-cycle when 
the end A of the secondary of the high-tension transformer is positive, and the 
end B negative. Figure 84i applies to the alternate half-cycles when A is 
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negative and B poytive If the student ivjll rememher fhit current will 
Inverse a salve only when the filament is negative, he should have no difficulty 
in showing that in Fig 84rt, valves 1 and 4 are not in use, or m Fig. 8U, 
valves 2 and 3, but that in each case current passes through the x-ray tube 
With this arrangement, therefore, use is made of each half-cycle, the theo 
retical form of the current being as shown in Fig 8S 



Fig SS In fuff wave rectification t/icre is tube current every half cycle 

77 Tube Rating and Type of Rectification ■ — In Fig 71 an 
example of a rating chart for a certain tube was given Now, as a matter of 
fact, the graphs in this chart were only applicable when this tube was operated 
on full-wave equipment, and, in the manufacturer’s literature, two other 
charts were given for the same tube, one applicable to half wave, the other 
to self rectified equipment In explaining why a different chart is needed 
for each type of equipment, it is instructive to look at a concrete case 

From the three charts supplied by the General Electric Company tor their 
RB 1-4 tubes (with small focal spot) one finds out that, when one of these 
tubes IS operated on 60,000 volts, with 20 ma current, the maximum permis- 
sible exposure nme is 40 seconds for full-wave equipment, 15 seconds for half- 
wave, and 2 seconds for self rectification It is not difficult to see why with 
self-rectified use the same amount of power can be used for a much shorter 
time than with half-wave rectification Without the valve, there is danger 
of inverse current through the tube, once the focal spot reaches a certain 
temperature The presence of the valve, however, does not allow any current 
to Bow even when the focal spot reaches th s or a higher temperature 

It IS not so easy to see why the permissible time for operation on full wave 
IS longer than on half-wave To understand the reason the student must be 
clear about the difference between the current recorded by the m Jliammeter 
m the tube circuit, and the actual value it may attain in a half cycle Consider 
half-wave rectification, where the current is completely suppressed every alter- 
nate half-cycle, and where an oscillograph shows the intermittent, pulsating 
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mtiire of the current, somewhat as in Fig 86, curve a The current changes, 
howe%er, are much too rapid (remember that the time of a half cjcle is 1/120 
second for a 60 cjcle per second supplj ) to be registered by the moving parts 
of a mjHnmmeter, md this instrument records only a steady mean, of magni- 
tude considerably less than the highest values reached every alternate cycle 
In Fig 86, the line h represents the steady mean current recorded by the 
milliammeter It follows that, if a milliammeter records, say 20 ma , the 



Fig S6 Tht line b represents the steady current recorded by a milliammeter 
in half wave rectification 

current through the valve and the x-ray tube may actually attain a value 
several times 20 ma — at least three times as great, according to information 
taken from Philips’ literature 

Now Consider full-wave rectification, as depicted in Fig 87 In this case, 
because current passes through the tube every half-cycle the mean milliam- 
perage is much nearer the peak value, this being only about one and a half 



Fio 87 The bne b represents the steady current recorded by a milliammeter 
in full wave rectification 

times as greit as the mean Thus for a milliammeter reading of 20 ma , 
the actual tube and valve current may be as high as 60 ma for half-wave 
rectification, and about 30 ma for full-wave Hence, although the total 
power supplied a tube in each case may be the same (an average of 20 ma 
at a peak voltage of 60,000), m the case of half-wave equipment, it is given 
in “ doses” which are much more intense, but half as frequent as in the case 
of full-wave. Since heat generated at the focal spot takes an appreciable 
time to be dissipated, this means that higher focal temperatures are reached 
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with half wave than w-ith full-wave, with consequent shorter permissible times 
of tube operation 


78 The Use of Condensers with Valves. — Consider a circuit 
arranged as m Fig 88, where C represents a condenser of fairly high capacit) 
and one capable of withstanding x-ray potentials During the half-cycle when 
A IS positive and B negative, as in Fig SSu, current can flow both through 
the x-ra) tube and into the condenser, charging it as indicated m the diagram, 
the potential difference across the condenser being the same as across the tube 
Dunng the next half-cjclc, as represented in Fig 88i, no current can flow 



Fio. 88 To illustrate the use of a condenser for applying an approximately constant potential 

across an x ray tube 


from the transformer because the negative end of its secondary is attached to 
the anode side of the rectifying valve During th s half c)cle, however, the 
condenser can discharge through the tube, with a drop in voltage which is 
small compared with the maximum potential to which it was charged To 
understand wh} the voltage drop is small, let us make an estimate using actual 
numerical values 

Suppose the average tube current dunng this discharge of the condenser is 
20 ma and that the capacity of the condenser is 0 I microfarad Then dur- 
ing a half cycle of 1/120 of a second, the quantity of electricity which leaves 
the condenser 


= X ampere seconds or coulombs 
1000 120 ^ 
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But, since the capacity of the condenser « ^ mf or ^ X ^ ” 

the voltage drop, the quantity of electricity which leaves the condenser also 


= -^ X 10“® X V coulomb. 


V- 


1 

'6000 
= 1667 volts 


Compared with the peak voltage developed in the secondary of the trans- 
former, this IS slight 

With the above arrangement, then, the voltage applied to the tube will 
remain moderately steady, somewhat as represented in Fig 89, a cop) of a 
diagram published by Watson and Sons (Electro- medical) Limited, London. 



Diaftram after Wasson A S^tu Ltd Ltmdon 

Fic 89 With the arrangement shown in Fig 88, the drop jn tube voltage is slight 

79 The Greiriacher Circuit — In the above arrangement we have 
noted that during every alternate half-cycle the transformer does not suppl) 
any power to the circuit Actually condensers and valves are <used in less 
simple arrangements The Greinacher circuit shown m Fig 90 is an example 
of one arrangement which has been widely used In it, by the use of two 
condensers and two valves, (1) the transformer is utilized every half-cycle, 
(2) the voltage drop across the tube is slight, and (3) approximately twice the 
transformer voltage is applied to the tube. 

By reference to Fig 90, it will be seen that, dunng the half-cycle when 
yf is positive and B negative, condenser is charged to the maximum voltage 
developed in the secondary of the transformer, whereas on the alternate half- 
cycle, when yf IS negative and £ positive, is similarly charged Once the 
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condcnwn nrc clnr^cii, rath of them can ^cnd a current through the x-raj 
luhe, since m the circuit 1 2 4 3 the condensers and the tube arc in senes 
Moreover, Just as exph tied m the preiious section, the \olnge drop m each 
half-c)cle uill be slight Again, since each condenser is charged to the trans- 
former soJtagc and the two arc in senes with the tube, the tube aoJtage js 
appro\imitelj twice that of the transformer. 



1 IG. 90. The Greimcher consuni potential circuit 




nr 91 The V^lJard ctreurf by mestis of which an inttrm ttent potential twice that developed 
in the transformer is applied to the x ray tube 
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80 The Villard Circuit — This circuit, also widely used, is illustrated 
by Figs 91 and 92 By means of it double the transformer \oltage is applied 
to the tube, but the tube current is not continuous as in the Grcimchcr irringe- 
ment As will be seen by a studj of Fig 9\a, during the htlf-cjcle when 
A IS positive and B negative, current can pass through the valves^ the con- 
densers consequent!) being charged as 
indicated On the reverse half-cycle 
as shown in Fig 91^, current cannot 
pass through the valves, but each 
condenser can discharge through the 
tube, while at the same time, the 
voltage developed in the secondar) of 
the transformer is also in the right 
direction to cause a tube current 
Since the two condensers, the second- 
ary of the transformer, and the tube 
are all in senes, as can be seen in 
Fig 9\h or Fig 92, the resultant 
voltage causing a tube current is equal to the sum of the transformer voltage 
plus that across Cj plus that across 

Now, in a simple circuit such as shown m Fig 93, where two condensers 
of equal capacit) are joined in senes with a batter), the voltage drop across 
each condenser is just one half the E M F 
of the battery In Fig 9 la when the 
current is passing through the two valves 
with the condensers in senes, we have es- 
sentially the same circuit the secondary of 
the transformer replacing the battery The 
condensers, therefore, are each charged to 
a voltage of F/2, where V is the effective 
voltage developed by the transformer 
Hence, in Fig 9lb the effective voltage 
applied to the tube is V -j- V/2 + V/2 
or 2F Figure 94, taken from valve 
literature by the Philips’ Metalix Com- 

oscillographic record showing the changes m tube current 

in a Villard circuit 

It will be noted that two valves are used in the above arrangement Actu- 
ally this IS not necessary and in the ongmal circuit, onlj one was used It was 


Li|i|iiii 1 

Fig 93 When two condensers arc in 
senes with a battery of E M F volt^ 
the potential difference across each 
condenser is E/2 volts 
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Fig 92 A port on of the Villard circuit 
illustrat ng the half cycle in which both 
condensers and secondary of transformer 
cause a tube current 
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fountl, houcvcr, thit hj »^mg two \alves, with grownding and the balanced 
imngement of Ftg 9l, more catisfactor) operation was obtained, and, more- 
o\cr,^thc circuit was more suitable for use with shockproof tubes 

We ln»c b) no means evhiiistcd the ttpes of rtctif)mg circuits, but, as 
the aim of this book is to explain principles rather than give exhaustive tech- 



Coitnrtg naipi uaallx 

Fir 94 An actual oscillograni of tube current when ordinary 
nietali* tube is operated by 4 illard circuit 

meal details, it is considered that enough has been given to make clear the 
fundamental ideas So far, too, we have confined our attention to arrange- 
ments and dcaices used for ordmarj diagnostic and moderate voltage therapy 
circuits Wc ha\c still to discuss ultra high voltage arrangements, but, before 
doing so, It 1 $ advisable to consider in detail the properties and nature of x-rays 
themselves 


PROBLEMS AND QUESTIONS 

1 Make a fully laWed diagram of the electrical connections in an x ray tube outfit 
which utilizes the following features (i) autotransformer control) (ii) a four valve 
rectifjing arrangement (the Oraetz circuit)) (m) a hot filament x ray tube, (iv) a 
filament current amnictcf (for x rav tube) , and (t ) a milhammeter in tube circuit In 
dicate by arrows the current path in the tube circuit during one half cycle 

2 Exjlain, with the an] of s mple diagrams, the difference between self rectification, 
half wave rectification, and full wa\e rectification 

J WTiy IS a rectifier des rable in operating a standard universal Coolidge tube but not 
necessarj for the radiator Coolidgc fube^ 

4 Under what circumstances can a very high vacuum be made conducting’ Describe 
the mode of conduction 

5 Explain by means of a simple d agram, the use of (i) a mechanical rectifier for 
high tension voltages (a) a single vaUe hot filament rectifier What is the difference in 
the nature of the tube (urrents for the two taws’ 

6 With the aid of diagrams describe and explain a rectifying circuit for an alter- 
nat ng high tens on voluge, (i) us ng every half qele, by means of a single valve and 
a conlcnset) and (it) using alternate half cycles, but (approximately) doubting the 
transformer voltage 
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' \ I- ii fhii rnt fuly, »<ho<c (iliircnt i» heated bj a step-down transformer, is oper- 

jt'd b\ a hi“h t ntxti transforimr, with autotransformer control, and s\ith a VdUrd 
rret fsir- arranjrm'ni Make a complete diiffram of the electrical system 

t \ co-i'-Twr i.f a capaiitanee 1/10 microfarad is charged to 200,000 \olts. It 
then r-air'asrs an average current of 10 ma through an x-ray tube for 1/100 second 
III I the voltage airiwv ihe <i)nden«er at the end of this time. Artt. 199,000 volts 
* Wiih the aid id two tlizgrsim, one for each haJ/-c)c]e, show how a condenser maj 
CO *ib "'d with a tingle reitifymg valve and transformer to maintain an approximately 
f'ldv voltage acfwi an * ray tube 

10 Vlike a d agram ihonmg the essential connections when an x-ray tube is operated 
t7 a trarvfpfmer tecti^'cd bv a Greinaiher circuit 

11 \ hot f lament x ray tube is operated with a full-wave rectifying arrangement 
T>' l’I> arrow the primary of th' high tension transformer is controlled by a fheostal 
arl all hd flanenti are healed b\ step-down transformers Make a careful diagram 
t'-.wing all esvntial cirvuits 

IJ a diagram of the circuit you would use to obtain (he characfenslic curie 

(that m n.I«- eurrent againvt voltage) fur a dimie value or a rcclifvmg value Indicate 
the rature of ihc curve vciu would obtain 

I) 'like a coinplrfe diagram showing the essentials of an x-ray high tension circuit 
«i’h a dot ra-. former vontrol of voltage and a /utUia^e rectifying circuit 

M \takr a hlirlrd diagriiri showing the rswntial conncvtions, when a hot filament 
x-fis tu'-- IS op-rated, with aulotransformcr lontrol of voltage and the Crcinacher 
iwfan po'rntial circuit hhow tom| Ictc filament and primary circuits. 



CHAPTER VIII 

HIGH FREQUENCY CURRENTS AND ELECTRIC WAVES 

81. Classification o£ Currents — In this chapter a short account is 
given of the meins of generating rapidlp oscillating currents, a subject which 
IS of importance because of the therapeutic use of such currents and also because 
the) are fundamental m the generation of eJectncaJ waves X-rajs, as will be 
seen later, arc a special kind of electnc wares At the outset we summarize 
the various tjpes of currents with which a student of radiology should be 
familiar There is first of all the broad classification, used by the practical 
electrician, into D C and A C , that is, into unidirectional and alternating 
currents Under D C wc include the following 

( 1 ) The stead) current which is mainta ned in a simple circuit by a con- 
stant source of E M F such as a storage battery, or a D C dynamo, or any 
good cell Such a current at one time was designated galvamc^ the term gal- 
vanism being applied to the use of such currents 

(2) Intermittent unidirectional current, such as that through a self rectified 
x-raj tube, or a tube operated b) a transformer with mechanical rectifier 

(3) Pulsating direct — This kind is somewhat similar to an intermittent 
current, except that m pulsating the current need not necessarily drop to zero 
between places of maximum intensit) A pulsating current can be obtained b) 
the use of a mechanical device whereby resistance is regiilarl) taken out of a 
circuit or added to it 

(4) Primary farariic — This is the name sometimes given to the current 
m the pnmary of an induction coil controlled bj a hammer break This also 
IS an intermittent current, but one which is charactenzed by the abruptness 
uith which the current drops to zero value (See Fig 14) Due to this 
abruptness, a marked stimulus may be applied to a muscle or a nerve by the 
use of such a current 

(5) Secondary jaradte — Currents through the secondary of an induction 
coil can be classified as direct, if the magnitude of the induced E M F 
on make is so small that no appreciable inverse current flows In a good coil 
this should be the case FrequentI), however, inverse current is present, and, 
if so, secondary faradic should more properly be classified under A C 
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7 A hot filament lube, w hose filament is heated by a step down transformer, is oper 
ated bj a high tension transformer, Vkith autotransformer control, and with a ViUard 
rectifjing arrangement Make a complete diagram of the electrical system 

8 A condenser of a capacitance l/lO microfarad is charged to 200,000 volts It 
then maintains an aterage current of 10 ma through an x-ray tube for 1/100 second 
Find the toltage across the condenser at the end of this time Atts 199,000 volts 

9 \\ ith the aid of two diagrams, one for each half-cycle, shotv how a condenser may 
be combined with a single rectifying valve and transformer to maintain an approximately 
stead) voltage across an x ray tube 

1 0 Make a diagram show mg the essential connections when an X ray tube is operated 
b) a transformer rectified bj a Gremacher circuit 

11 A hot filament x ra) tube is operated with a full wave rectifying arrangement 
The P D across the primary of the high tension transformer is controlled by a rheostat 
and all hot filaments are heated by step down transformers Make a careful diagram 
showing all essential circuits 

12 ’klakc a diagram of the circuit you would use to obtain the characteristic curve 
(that IS tube current against voltage) for a diode value or a rectifying value Indicate 
the nature of the curve you would obtain 

n Mate a complete diagram showing the essent als of an x ray high tension circuit 
with autotransformer control of voltage and a rectifying circuit 

M Make a laMcd diagram showing the essential connections, when a hot filament 
X ray tube is operated, w ith autotransformcr control of voltage and the Gremacher 
constant potential circuit Show complete filament and primary circuits 



CHAPTER VIII 

HIGH FREQUENCY CURRENTS AND ELECTRIC WAVES 

81 . Classification of Currents — In this chapter a short account is 
given of the means of generatimr rapidly oscillating currents, a subject which 
IS of importance because of the therapeutic use of such currents and also because 
they are fundamental in the generation of electrical waves X-rays, as will be 
seen later, are a special kind of electric waves At the outset we summarize 
the vanous tjpes of currents with which a student of radology should be 
familiar There is first of all the broad classification, used bj the practical 
electncian, mto D C and A C , that is, into unidirectional and alternating 
currents Under D C wc include the following 

( 1 ) The steady current which is maintained in a s mple circuit by a con- 
stant source of E IVI F such as a storage battery, or a D C dynamo, or anj 
good cell Such a current at one time was designated galvanic, the term gal 
Vanttm being applied to the use of such currents 

(2) Intermittent unidirectional current, such as that through a self rectified 
X ray tube, or a tube operated b} a transformer with mechanical rectifier 

(3) Pulsating direct — Th s kind is somewhat s milar to an intermittent 
current, except that in pulsating the current need not necessarily drop to zero 
between places of maximum intensity A pulsating current can be obtained by 
the use of a mechan cal device whereb} resistance is regularly taken out of a 
circuit or added to it 

(4) Primary jaradic — This is the name sometimes given to the current 
in the pnmarj of an induction col controlled by a hammer break This also 
IS an intermittent current, but one which is characterized by the abruptness 
with which the current drops to zero value (See Fig 14) Due to this 
abruptness, a marked stimulus may be applied to a muscle or a nerve by the 
use of such a current 

(5) Secondary jaradic — Currents through the secondary of an induction 
coil can be classified as direct, if the magnitude of the induced E lU F 
on make is so small that no appreciable inverse current flows In a good coil 
this should be the case Frequently, however, inverse current is present, and, 
if so, secondary faradic should more properly be classified under A C 

lOS 
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HIGH FREQUENCY CURRENTS 


The following can properly be classified as A C 

( 1 ) The gradually changing stnusotdal current represented by the smooth 
curve of Fig 4 Commercial AC of 25 or 60 cj cle per second approximates 
to this kind 

(2) High Frequency The term high is applied when the frequency of al 
tcrnating currents reaches a value of the order of 100,000 cycles per second 
Frequencies of a million and more cycles per second are quite common, and 
it is now not unusual to use values as high as 300 million or even higher 
When such currents pass through tissue, there is not the marked stimulus re- 
sulting in muscular contraction or painful sensation which faradic or even low 
frequency currents cause High frequency currents, however, have the im- 
portant applications noted below 


82 The Generation of Damped H F Currents — H F currents 
may be divided into two classes according as the oscillations are damped or 
undamped First we consider the generation of damped currents 


When a condenser is charged, and then 
discharged, the discharge current is one of 
I two kinds If the terminals of the condenser 

\ are connected by a fairly high resistance, a 

\ steady direct but gradually decreasing cur- 

rent flows until the condenser is completely 
discharged This type of discharge, the 

, aperiodic, is represented by the graph in Fig 

“ 95 Ifthe resistance is low, an oscillatory 

‘apenodic rschargy^fTcondensM ' discharge, as represented by Fig 96, takes 
place The reversals of current mean thatl 
the condenser is discharged, recharged in the opposite sense, discharged again, 
and So on, the process continuing until the energy originally stored is ultimately 
dissipated in heat, and, sometimes, in radiation In an ideal arrangement with 
negligible res stance, no heat would be developed, and the oscillations would 
continue for a long time — not indefinitely, however, because, as we shall sec 
later, radiation of electromagnetic waves takes place when the oscillations arc 
sufTiciently ra;\id 


An almost exactly analogous phenomenon takes place with an oscillating 
simp e ^ndulum If the “ bob ” of the pendulum is drawn to one side and 
then released, oscillations are executed until the onginal potential energy com- 
municated to the system has all been dissipated in heat as a result of mechanical 
fnction between the moving bob and the air During the time that the oscil- 
lations arc taking place, a constant exchange is going on between the potential 
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cnerg) (P b ) of the di-spliccd iwh aiul its Linetic energj (K E) At the end 
of cich Inlf oscilhtion, tin P h is i miximiim nr,(3 the KE 7 ero, whereas 
It the middle position, the opp isite is true Ilecaiise of the small air resistance, 
this interchange goes on for some t me before flniHy all the original P E is 
conserted to heat 

Mathematical treatment of the oscillations m both the mechanical system 
and the electrical slums that the analog} ma} be pushed still further Resist- 
ance js akin to friction and current 
When the bob jj in its Itm est position 
at here its aeJoett) is a maximum, its 
tnerfia causes it to “oicrshoot the 
mark. ” and to store up P E on the 
sithcr side So, too, tahen a con- 
denser Jaas been momciatarilj emptied, 
because of inductance, the current 
continues to float and so the condenser 
IS charged in the opposite sense It 
as ill he recalled (sec section 6) that, 
whenevcf~a'~currcnt m a circuit is 
chafigin/;'^~^rr liatluccil X M F or an 
E M F of inductance is present which 
opjwscs "tTic~change Morcoacr, the 
greater the inductance of the circii t, 
the greater the magnitude of this op- 
posing E M r Hence we may consider inertia and inductance as analogous 
quantiles ''TrT a mechanical sjstem, the greater the inerna of a body the 
greater its tendcnc) to keep on moving when in motion , in an electrical circuit 
the greater the inductance, the greater the tendency of a current to persist 
once It IS started 

When these facts are put in mathematical language, cxactl) similar equations 
are set up for the mechanical and the electncal s> stems From such equations 

it IS not difficult to show that, if /? < , where R is the res stance m ohms, 

L IS the inductance m hennes, and C n the capacity jn farads, an oscillatng 
discharge takes place, and that, for low values of R, the frequency of the 
oscillations is given by 
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HIGH frequency CURRENTS 


The following can properly be classified as A C 

(1) The gradually changing Sinusoidal current represented by the smooth 
curve of Fig 4 Commercial A C of 25 or 60 cycle per second approximates 
to this kind 

(2) High Frequenc) The term high is appl ed when the frequency of al- 
ternating currents reaches a ^alue of the order of 100,000 cycles per second 
Frequencies of a million and more cycles per second are quite common, and 
it IS now not unusual to use values as high as 300 million or even higher 
When such currents pass through tvssw, there nat the marked stimulus re- 
sulting tn muscular contraction or painful sensation which faradic or even low 
frcquenc) currents cause High frequency currents, however, have the im- 
portant applications noted below 

82 The Generation of Damped H F Currents — H F currents 
may be divided into two classes according as the oscillations are damped or 
undamped First we consider the generation of damped currents 

When a condenser is charged, and then 
discharged, the discharge current is one of 
two kinds If the terminals of the condenser 
\ are connected by a fairlj high resistance, a 

\ steady direct but graduall} decreasing cur- 

rent flows until the condenser is completely 
N. discharged This tjpe of discharge, the 

aperiodic, is represented b} the graph m Fig 
' 95 If the resistance is low, an oscillatory 

- represenled by F.g 96, takes 
place T he re versals of current mean that! 
the condenser is discharged, recharged m the o pposite sense , discharged ag ain,! 
and so on, the process continuing until the energ) onginall) store^is ultimately! 
dissipated m heat, and, sometinaes, m radiation In an ideal arrangement with 
negligible resistance, no heat would be developed, and the oscillations would 
continue for a long time — not mdefimtclj, however, because, as we shall see 
liter, radiation of electromagnetic waves takes place when the oscillations arc 
tapiA 

An almost cxactlj analogous phenomenon takes place with an oscillating 
simple pendulum If the “ bob ’’ of the pendulum is drawn to one side and 
then released, oscillations are executed until the origiml potential energ) com- 
municated to the s)siem has all been dissipated in heat as a result of mechanical 
fncimn between the moimg bob and the air During the time that the oscil- 
lations arc taking place, a constant exchange is going on between the potential 
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(J’ t- ) '’f tlispliccd hol> Tnd i« kinetic energy (R E) At the end 
of each half osiillation, the P F is a maMimim and the K, E zero, whereas 
at the middle jiosition, the np[v> itc is true Hecausc of the small air resistance, 
this interchange goes on for some time before finall> all the original P E is 
concerted to heat 

Mathematical treatment of the oscillations in both the mechanical system 
and the electrical shows that the analog) may be pushed still further Resist- 
ance IS akin to fnction and current to the velocity of the pendulum bob 
When the hob is m its low est posit on 
where its aclocit) is a maximum, its 
inertia causes if to “osershoot the 
mark ” and to store up P E on the 
other side So, too, w'hen a con- 
denser has been momentarily emptied, 
because of inductance, the current 
continues to flow and so the condenser 
IS charged in the opposite sense It 
will he recalled (see section 6^ that, 

\vhenc\^“a~currcnt m a circuit is 
r/iaugi«grairrTiTdiiccd~y M I or an 
E r of inductance is present which 
oppSiSThriElipgr" M^coaer, the „pr„ent ng the damped 

greater the inductance of the circuit, oscillatory d scharge of a condenser 
the greater the magnitude of this op- 
posing E iVI F. Hence we naay consider inertia and inductance as analogous 
quanfitKb'* ^n a mechinical sy'stcm, the greater the inertia of a body the 
greater its tendency to keep on moving when in motion, in an eicctncal circuit 
the greater the inductance, the greater the tendency of a current to persist 
once It IS started 

When these facts arc put in mathematical language, exactly similar equations 
are set up for the mechanical and the electrical systems From such equations 

it is not difficult to show that, if /? < , where R is the resistance in ohms, 

Z. is the inductance m henries, and C is the capacity in farads, an oscillating 
discharge takes place, and that, for low values of R, the frequency of the 
oscillations is given by 

^=2;hTL 
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For example, if C = 0 002 microfarad, and ZL = 1 27 X 10"® henry, / comes 
out to be nearly one million cy cles per second 

It will be noted that, the greater the value of Z, and the gr eater C, the 
smaller the value of / or the lower the frequency As far as L is concerned 
this IS just what we should expect, because, as we have noted above, the 
greater the inductance, the greater the force resisting changes, or the more 
“ sluggish ” the current is As far as C is concerned, it is not difficult to 
understand why an increase in C should slow down the oscillations Since 
at any instant, the voltage across the condenser = Q/ C, it follows that the 
larger C the longer the time it takes for this potential difference to reach its 
maximum value dunng a half cycle For very rapid oscillatons, then, both 
C and L should be small 

83 Experimental Demonstration of High Frequency — Sup- 
pose a Leyden jar of capacity C is joined to the terminals A, E oi z. Wimshurst 
machine, somewhat as shown in Fig 97 When the machine is operated, 
a charge piles up on each of the condenser plates 
until a potential difference {Q/C) develops which 
is sufficiently high to cause a spark to jump the gap 
AB Because of the intense ionization associated 
with the spark, the gap becomes temporarily a region 
of low res stance, and an oscillating discharge of the 
condenser takes place If this spark is examined m 
a re\ olvmg mirror, it is seen as a succession of flashes, 

_ ^ not a single spark By using an oscillograph, it may 

Fic 97 The condenser C,,®',, 

IS charged by being con snown in a stiJI better way that the current when 
nccied with the terminals the condenser is discharging is oscillatory Actually 
/f and of a Wimshurst - -it > . . , t ^ 

mach ne. ‘uc oscillograph record shows a curve similar to that 

of Fig 96 

If fairly high values of L and of C are used, it is possible to take readings 
m the laboratory from which a plot of the oscillatory d scharge may be made, 
proMded some means, such as the Webster Drop Chronometer, is available 
for measvmng very small time jntenals With such a device, it rs possible 
after charging a condenser, to measure with a ballistic galvanometer, the 
charge left in it after each of a senes of short but gradually increasing time 
intervals dunng which the condenser is allowed to discharge The wntef 
has recently examined the laboratory report of a group of students who had 
obiamed in this way an excellent oscillatory curve using C = I microfarad 
and L - 0 76 henry 
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84 Primary Tesla Circuit — CVIkn n single complete discharge takes 
place with an arrangement like that of i i^ 97, the oscillations are heaaaly 
damped even with small resistance, and tht total number of cjcles iS small 
To make practical use of high frequency currents, a succession of d scharges 
must be atadablc. This ts readilj accomplislied by aiu arrangement which 
recharges the condenser near!) as fast as it is discharged A common arrange- 
ment IS shown in Fig 98, where P and 5 represent the pnmarj and secondary 
of a step-up transformer, A and B are the terminals of a spark gap, C is a 
condenser and L an inductance A few turns of heavy copper wire make 
a convenient inductance for man) expenments Since the plates of the con- 
denser are alwa)s in electrical contact with the terminals of the secondary o 
the transformer, the condenser is repeatedl) recharged after each comp cte 



Fig 98 The pnmary Tesla circuit, an 
arrangement for obtaining a succession 
of damped high frequency oscillations 



Fic 99 The kind of high frequeno 
currents obtained with the arrange 
ment shown m Fig 98 


discharge in the oscillator) circuit BACL, and i succession of oscillation p 
IS obtained Figure 99 shows the nature of current in the oscnlatory 
cuit with such an arrangement , 

To the ear it seems as if continuous sparking were taking p ace, “ ^ 
the ofF-penod, that is, the interval, between the pulses 1 an , > 

Fig 99, ma) be many times longer than the actual time osci ^ , 

taking place during a single pulse For example, a small trans 
on 60 cycles per second, might recharge the condenser ever) ® 

's, every 1/120 of a second If, then, the frequenc) of the osctl 
circuit BACL were a million per second, and there were m 

the total time of a pulse or a complete discharge would be j^qqq^Oqq 


5 ^ of . .oo„d, 0 man, ..n.es shorter .h,n 1/120 
the interval between pulses 
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Using such a circuit, one can show some striking experiments which 
demonstrate indirectly the existence of high frequency currents in the coil L 
For example, if a tube containing the gas neon at low pressure is brought near 
this coil, or indeed, placed near almost any part of the oscillating circuit, the 
bright red luminous discharge characteristic of neon takes place in the tube 
If one uses a carefully evacuated bulb into which a few drops of mercury have 
been distilled and the coil L consists of three or four turns of heavy copper 
wire wrapped around the center of this bulb, a brilliant discharge in the form 
of a ring occurs if the bulb is warmed to a suitable temperature 

A striking contrast to the mercury discharge is provided by using a bulb into 
which a little iodine has been distilled If the vapor pressure of the iodine is 
regulated by having attached to the bulb a side tube immersed in ice and water, 
one obtains a brilliant greenish-p nk ring discharge when the gap AB \s z few 
millimeters wide, and a less bright yellow ring for a much shorter gap 

These luminous discharges provide evi 
dence of the rapid high frequency currents 
in the coil L Rapidly changing currents 
mean equally rapidly changing magnetic 
^ fields in the neighborhood of the coil But, 
J § whenever a magnetic field is changing, there 

— * ^ is an induced E M F whose magnitude is 

Tie too An arrangement sometimes greater, the greater the rate of change of 
used in one type of d athermy , ^ 

the field Hence, in the region near the 
coil, or within a gas or a vapor contained in a tube placed within the coil, 
there exists an induced E M F. sufficiently great to cause a current m the gas, 
a current which is made evident by the luminosity 






85 Diathermy with Damped Oscillations — -In medicine one 
of the commonest uses of high frequency currents is to develop heat m tissue, 
as IS done m diathermy 

In one simple arrangement, electrodes E and E, Fig 100, are attached 
by means of conductors to points M and N in the coil carrying the currents 
The electrodes are made of pliable metallic material which are frequently 
enclosed m a rubber casing In use, the electrodes fit tightly against a 
protecting layer of woolen material in contact with the skin of the patient 
With such an arrangement heat is developed in the tissue which provides the 
conducting path between the electrodes, a sensation of warmth being all that 
IS felt by the patient By making one of the electrodes of small area, it is 
possible to concentrate the heat locill) 

In diathermy with damped oscillations, the intensity of the treatment can 
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be controlled bj altering the length of the spark gap The shorter the gap, 
the smaller V the potential difference between the condenser plates, when a 
spark takes place Since Q, the charge stored in the condenser, is equal to 
CV, It follows that the quantit) of electncity tabng part in discharge and 
hence the average value of the current, is less, the smaller the gap 

Sometimes instead of attaching electrodes directly to two points on the 
oscillating circuit, a secondary circuit is coufled with the pnmary oscillating 
circuit, somewhat as shown in Fig 101 Due to the coupling of the coils 
L and Li, currents are induced in the circuit L^C^EE, the frequency of the 
induced electromotive force being the same as that of the oscillations in the 
pnmarj The intensity of the currents induced in the secondary circuit 
depends to a marked degree on whether or not the circuit L^CiEE is tuned 
or in resonance with the primary circuit The student will recall that when 
regular pcnodic impulses are applied to a 
system capable of oscillating, the oscilla- 
tions set up are of very high amplitude if 
the penod of the impulses is the same as 
the natural period of the oscillating sys- 
tem When this is the case, the system 






A diathermy arrangement 
ies a secondary circuit coupled 
ith the pnmary Tesla 


IS Vibrating or oscillating in resonance with 
the external periodic impulses The oscil 
lating currents induced in the circuit 
LyCiEE hate their greatest intensity, 
then, when the natural penod of this 
circuit IS the same as that of the pnmary 
circuit Since this natural penod depends on the capacity (and the inductance), 
tuning to resonance is conveniently accomplished by making C, a vanable 
condenser To measure the intensity of the high frequency currents, as well 
as to indicate when resonance has been obtained, an ammeter A may be placed 
in the circuit 


86 Secondary Tesla Circuit — The arrangement shown m Fig 98 
IS sometimes called the pnmary Tesla circuit in honor of Tesla, one of the 
pioneer workers with high frequency currents When high voltage as well 
as high frequency is wanted, a secondary Tesla circuit is added A common 
arrangement consists m coupling w ith the pnmary coil L a solenoidal coil L, 
of many turns of fine wire, as in Fig 102 If one end of Z,, is grounded, 
sparks several centimeters long will jump from the other end to a grounded 
conductor Because of the high frequency of the currents one may safely 
allow the sparks to jump to one’s hand, or better, to a piece of metal held 
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tightly m the hind * In the equipment frequently used, L is a ring or short 
solenoid of a few turns of heavy wire, and U is placed inside L. 

In fulguration, by attaching a flexible conductor to the secondary coil, 
such sparks may be directed and used in localized treatment 


87 The Triode Vacuum Tube — In order to give even the simplest 
explanation of how undamped high frequency currents arc obtained, it is 
necessary to amplify somewhat the work previously given regarding the 
passage of electrons from a hot filament across an evacuated tube I he 
student IS asked to recall the graphs given in Fig 55 and Fig 80, which 
show the way in which the current across a hot filament \-ray tube or rectity 
mg vacuum tube varies with the applied voltage, at constant filament 



Fig 102 High frequency currents of Fig 103 Circuit for examining the 

hgh potential are developed in the effect of grid potential on the plate cur 

secondary coil L\ if it ts made of many rent m a triode vacuum tube 


temperature This type of curve applies to any diode vacuum tube, that is, 
a highly exhausted tube with filament and anode 

In the triode vacuum tube, in addition to the filament which liberates 
electrons when heated, and the plate or anode, a grid constitutes a third 
element In the tube diagrams appearing m Figs 103, 105 and 106, the 
gnd IS represented by the central wavy line, but actually it is a spiral of fine 
wire, or a wire mesh, in close proximity to the filament The anode or plate 
more or less surrounds the grid To demonstrate the function of the gnd, a 
circuit such as that illustrated in Fig 103 may be used With this arrange 
ment by varying the position of the contact P, the potential of the gnd with 
respect to Pj and hence with respect to the filament can be made either positive 
or negative It is possible then to maintain the plate at a constant potential 

* It s not w se to do tb s when us ng the undamped high frequency currents described 
in section 8g 
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(by meaiis of tJ>e battery B) and to ex^mint the vanatton of the current to 
the plate when the grid potential is given a senes of values, both positive and 
negative The graph of Fig 104 shows the general nature of the result 
obtained when such an experiment is carried out Note the following 

(1) For negative potentials greater thin 04, there is no plate current 
The actual value of 04 is considerably less than the plate potential For 
example, m a tube examined in a laboratory class b} a student, for a plate 
potential of +70 volts, 04 was —22 volts 

(2) The main portion of the curve is almost linear, in some tubes exactl) 
so, in others somewhat curved This is the irnportant part of the curve, 
because normally the potential of the grid, or its i/as, is such that the tube is 
operated on this portion of the curve 

(3) Saturation can be obtained, as in the diode, but it requires a fairly 
high positive gnd voltage, and in using a tnode as an oscillator (or a detector) 
It must be avoided In making charactenstic curves similar to that of Fig 
104, It IS really not necessary to extend the graph to this stage 

(4) By using a senes of different plate voltages, a corresponding senes of 
characteristic curves can be obtained From an examination of these curves, 
the very important fact emerges that a small 
change m grid potential maj bring about the 
same change in plate current as a much 
larger change in plate voltage For ex- 
ample, m the case of the tube mentioned m 
(1) above, the student found that, with 
constant gnd potential, a change of 30 volts 
in plate potential caused a change of 21 ma 

in the plate current, but, at constant plate ^ . i. t. 

, £ 1 o Tc 1 , Fig 104 Graph showing the van 

potential, a change of only 8 25 volts on the at on of plate current m a tnode 
grid brought about the same change in plate vacuum tube with variable gnd and 
current * In other words, because of its 



constant plate potentials 


proximity to the filament, the grid exercises a powerful control over the plate 
current Its nearness to the Bhment makes it extremely efficient m attracting 
or repelling electrons, whereas its open mesh nature allows most of the electrons 
to pass through and reach the plate 

Because oi tbe aWtisv yitgV.gvbU swue. of eUctioTis, thus gtvd tonWol Vvts a 
very important consequence If, for am reason the fotential of the gnd 


* From the ratio ^ or 2 S, we obtain what is called the amfltficaUon factor 
of this tube 
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88 Generation of Undamped Oscillations — Supptwe n ciriutt i> 
arranged as in I ig 105 It will be noticed that the loop RLC contains an 
inductance and a capacit), and conscqucntl} , if the resistance is low, has 

a natural frequenc) of electrical oscillations gnen bj / = ^ 

any reason a movement of charges is started in such a circuit and, in conse- 
quence, a small charge is given to the condenser, this loop should oscillate with 
this frequenc) If such a circuit were an 
I independent, separate unit, and not part of 
an arrangement like Fig 105, tliesc oscflla- 
turns would he ver) feeble and would rapidlj 
^ die out after the manner shovvn in Fig 96 
5 \/\) T ^'5 howeacr, one side of the con- 

L o £ z. [ T X denser of this oscillating circuit is joined to 

S . I ~1 I the grid of a tnode If, therefore, oscflla- 

' 8 — 1 tions are started in the loop RLC (and even 

Fic 105 Circu t to illustrate the the closing of a switch can cause an initial 
mbe^nlcneratm^^^ electrical disturbance), the potential of the 

frequency currents grid will change With the frequencj of the 

oscillations These rapid changes in gnd 
potential cause equally rapid chanties in the plate circuit and, therefore, in the 
coil Li inserted in this circuit 

If now, the co 1 L, is placed near the coil L, that is, is coupled with it, 
electromotive forces of the same fre 


quency as the frequency of the plate cur 
rent changes are induced in L These 
electromotive forces (if the coils are 
suitably wound with respect to each 
other) reinforce the oscillations onginally 
started in the circuit RLC The rein- 
forced oscillations cause greater potential 
changes in the gnd, hence changes of 
greater magnitude in the plate current 
hence induced electromotive forces of 
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Still greater intensity in the onginal oscillating circuit There is, therefore, a 
cumulative effect which results in the maintenance of continuous oscillations 
It IS possible to increase the effect of this induct on sufficiently to make full 
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compensation for ohmic and other losses m the circuit So that the sjstem behaves 
as if It possessed zero resistance, and an oscillation once started in it, persists ” 
(Appleton ) 

By this pnnciple of retroaction continuous undamped oscillations are main- 
tained In actual practice there are many different circuits employing this 
pnnciple m one way or another Figure 106, for example, shows the con- 
nections for a Hartley oscillating circu l one which has been extensively used 
Figure 1 07 IS a somewhat simplified diagram of the circu t used in a com- 
mercial “ short-wave *’ oscillator, made by Siemens Reiniger-Werke, which 
is especially designed for use in high frequency therapy 



89 Diathermy with Undamped Oscillations — Tube circuits are 
now used m much of the modern hiijh hequency equ pment in hospitals In 
the inductotherm of the General Electric X-Ray Corporation, for example 
1 tube oscillator operating at a frequency of 12 million cycles per second is 
used High frequency currents are passed through an msufated flexible 
cable which may be wound around or placed upon vanous parts of the body 
The tissue in the immediate neighborhood of the cable is then heated as a 
result of induced currents 

In surgical diaaVicatfiy, aW, VuW cTiTc\i.ii\& art of great wap&vtance Lab 
orator) workers who " play ” with high frequency currents of the conunuous 
type soon find out that if the hand or an) other part of the body touches the 
oscillating circuit, there is a slight spark accompanied by a burn at the spot 
where the spark stnkes the flesh This burn is made evident not only b) 
the unpleasant sensation hut also b) a smell of seared tissue Bj haaing a 
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metallic electrode suitably connected with the high frequcnc) circuit, surgical 
use can be made of such burns in cauterizing and m coagulating tissue In 
urology, for example, high frequency electrodes, themselves comparatively 
cool, are regularly used in surgical treatment 

90 The Generation of Electric Waves — From his elemental^ 
work in ph)sics the student will recall that, if a particle at the end of a line of 
elasticall} connected particles is made to oscillate, a wave disturbance moves 
along the line In general waves spread out from a vibrating source in any 
med um m which the particles are so connected that a displacement of a 
particle d sturbs its neighbor Moreover, X the wave length, / the frequency 
of the oscillating source, and v the velocity of the wave disturbance are 
connected by the fundamental wave equat on 
v=/\ 



Consider now the rapid high frequency currents which take place in a coil 
such as Li, Fig 102 When a current flows in a wire, it is surrounded by 
a magnetic field, the direction of the magnetic 1 nes depending on the direction 
of the current The oscillating currents in the coil Li, therefore, give nse 
to an oscillating magnetic field about the coil But, whenever we have a 
varying magnetic field, an induced E M F results The rapidly changing 
magnet c field, therefore, gives rise to a changing E M F of the same fre 
quency Now Maxwell, the English physicist who was the real founder of 
wireless telegraphy, postulated that, even in a vacuum, such an E M F causes 
currents which he named dts-placeinent currents According to Maxwell’s 
ideas, these displacement currents have a magnetic field associated with them 
just like ordinary conduction currents in a wire The varying magnetic 
field due to the displacement currents then gives rise to new induced E M F , 
these m their turn, cause more displacement currents, and so the process 
continues with the result that an electromagnetic d sturbance is propagated 
from the original region of oscillating currents All this Maxwell put into 
mathematical equations by means of which lie predicted that the velocity of 
the electromagnetic disturbance m free space should be the same as that of 
ordinary 1 ght, that is, about 3 X 10"° cm per sec 

Experimental verification of the truth of Maxwell’s prediction was given 
in 1887 by Hertz, who showed that electric waves were generated by an 
oscillating circuit of the kind shown in Fig 98, that these waves had many 
of the properties of light waves and traveled with the same speed It is not 
easy to form a picture of electromagnetic waves hut the following ideas will 



WAVE LENGTHS 


117 


perhips give some help Prom what has been stated above it follows that 
(1) at an; given point m space, as time ^oes on the electric Held and the 
associated magnetic must change their direction with a frequency which is 
the same as that of the original oscillating circuit, and (2) at any given instant, 
places where the electric field (or the magnetic) is m one direction must 
alternate with other places where this field is m the opposite direction In 
other words, there is the periodicity in time and m space which charactenzes 
a wave motion 

91 Wave Lengths — Wascs generated as a result of electrical osdlla- 
tions have an cxtremel} wide range of wave lengths Waves as short as a 
fraction of a millimeter and as long as several miles have been generated in this 
wa; In radio almost the whole range IS utilized in some way or other On 
the dial of a common tjpe of radio, one finds three bands, the standard broad- 
casting region with wave lengths ranging from 200 meters or Jess to nearly 
600 meters, a medium region ranging from approximately 45 meters to 
ncarl; 200 meters, and the short wave region With wave lengths extending 
from about 12 meters to 45 or more In radar, wave lengths a few centime- 
ters or even millimeters m length are used In the oscillator to which Figure 
1 07 applies, the avave length of the emitted radiation is 6 meters. In physical 
therapy such equipment is sometimes referred to as “ short wave ” 

The particular kind of electric waves used is often described by giving 
frequency rather than wave length, the two being connected by the funda- 
mental wave equation v = Thus, since the velocity of all electromagnetic 
waves IS 3 X 10* meters per second, a wave length of 300 meters corresponds 
3 X 10’ 

to a frequency of — > or 1 0“, or 1 million, or 1 megacycle per second 

It avilJ be recalled that m sound a note is invanaWy desenbed hj giving its 
frequenc}, and it will be seen in the next chapter that a particular kind of 
ordinary light is usually described by giving the corresponding wave length 
m a standard medium like air 

The name electric waves is restricted to those generated by oscillations in 
an electric circuit They are a particular kind of electromagnetic waves and 
are of the same fundamental nature as man} other types of radiation, such as 
infrared, ultraviolet and visible light, x-rajs and gamma rays from radioactive 
materials Differing widely in their properties because of differing wave 
lengths, all these radiations are periodic electric and magnetic disturbances 
which travel m free space at the same velocity In the next and subsequent 
chapters we shall discuss m deta 1 all these tjpes of electromagnetic waxes 
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PROBLEMS AND QUESTIONS 

1 A charged condenser is discharged through a spark gap (i) What is the nature 
of the discharge current? (ii) On ivhai does the tnunstty of the discharge current 
depend? 

2 When a condenser discharges through a low resistance and oscillations result, explain 
in what way the frequency of the oscillations depends on the capacitance of the condenser 

3 Describe a simple arrangement for obtaining damped high frequency currents 
Explain how (i) the frequency, (ii) the intensity can be altered 

4 High frequency oscillations are set up in a circuit of very low resistance containing 
a condenser of capacity 0 001 microfarad and an inductance of 0 00002 henry Calculate 
the frequency of the currents Ans 112X10* 

5 If electric waves arc radiated from the circuit described in question 4, calculate the 
wave length of the waves Arts 268 meters 
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LIGHT VISIBLE AND INVISIBLE 


For min) years after thejr djscovcr} hy Roentgen m 3895, the exact nature 
of x-ra)s was a subject about winch there was much speculation Althou'^h 
Roentgen himself thought of the new rays as a wave phenomenon, it was 
not until 1912 that conclusive evidence concerning their nature was given 
In that year, however, as a result of the work of Laue, assisted by Fnednch 
and Knipping, it wss experimentally demonstrated that the phenomenon of 
interference could be obtained with x-nys, and that consequently they were 
« ithout doubt a form of v, avc motion The p oneer work of these men at 



once led to methods of measuring the constituent wave lengths of a beam of 
x-rays Before discussing this question in detail, it is desirable to make further 
reference to the particuhr kinds of electromagnetic waves we classi^ as (a} 
ordinary light waves (bj means of which we have the sensation of sight), 
(b) infrared, and (c) ultraviolet 

92 The Spectrograph — The student will recall the familiar facts 
about the visible spectrum When a beam of white light passes through a 
prism, a spectrum ranging from red to violet is formed, because red light is 
deviated by the pnsm less than yeTow, yellow less than green, green less than 
blue, and blue less than violet A common arrangement for obtaining a 
focused spectrum on a screen or photographic plate is shown in Fig 108, where 
S represents a narrow slit illuminated by the light source to be examined and £, 
is a collimating lens placed at its focal distance from the sht so that a beam 
119 
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of parallel rays emerges and falls on the prism, P The light emerging from 
the prism is collected bj the lens Lz and focused on the screen or phtc AB 
Since each kind of light is deviated a different amount b} the prism, there arc 
as many emergent bundles of light is there are kinds m the original beam, 
and hence a corresponding number of focused images on the screen In the 
figure h and /* there are two such images 

When a photographic plate is used, permanent records, such as illustrated 
in Fig 109 and Fig 1 10 are obtained, the whole arrangement constituting a 

2 5 5 £ g 

Fig 109 The continuous spectrum emitted by an incandescent lamp or any white hot solid, 
with hcl um spectrum superimposed 

spectrograph If the source of light is an incandescent lamp, there are so 
many constituent wave lengths that the images overlap giving a continuous 
spectrum such as Fig 109 Many sources however, such as luminous hydro- 


t3 



Fio 110 Line spectra n the v sible reg on emitted by a, hydrogen b helium, 
and c mercury vapor 

gen or mercury vapor, emit only isolated wave lengths, giving spectra like 
Fig I fO where each spectra] line corresponds to a definite wave length 

93 Measurement of Wave Length — The determination of the 
^tua wave lengths of these spectral 1 nes is an important practical problem 
Every method is based on the principle of interference, that is, the principle 
that when two (or more) light beams are superimposed, the resultant maj 
be either light or darkness, depending on the phase difference between the 
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disturbances If two beams are exactl> m step, crest meeting crest, trough 
meeting trough, there is a resultant maximum disturbance, or brightness, if 
the two are exact!} out of step, crest of one meeting trough of the other, there 
IS darkness One such method for evaluating wave lengths, which the student 
IS asked to recall because of its connection with x-ra) work, makes use of the 
diffraction grating. 

If water waves strike a barner with an opening such as M, Fig 1 1 la, which 
IS small m comparison with the wave length of the waves, the disturbance 
spreads out from the opening in all directions Similarly, if a beam of mono- 
chromatic light strikes a narrow opening, of width say mm , as in 

Fig. 1 1 1^, the light too spreads out (or is diffracted) over a wide angle Now 
consider a surface on which there 
IS a large number of small open- 
ings, spaced at regular intervals, 
as in a transmission grating If 
1 beam of parallel raj S of mono- 
chromatic light IS incident on such 
a grating, somewhat as shown in 
Fig 1 12, light spreads out from 
each opening If this diffracted 
light falls on a lens L,, at every j;,c m \} hen rlane waves orparallclri>ssmke 
point in Its focal plane there will a" obstacle with an aperture of width comparable 

; , , with the wave length, the wave disturbance 

be a superposition of as man} little spreads out from the aperture, 
bundles as there are openings in 

the gratmg Figure 112* shows the superposition at P and at Qj of the 
bundles in two directions 

It IS important to note that since the rays which are superimposed at any 
one point arc all incident on lens L in the same direction, the path difference, 
that IS, the distance one ray^ travels farther than its neighbor, is the same for 
etch successive pair of rays Thus, using Fig 112, or the enlargement in 
Fig 1 13, ray 2 travels i path from the grating to Qi which is greater than 
the path for ray 1 by AB, ray 3 a path greater than ray 2 b) CD— AB, and 
so on for every successive pair Moreover, the actual magnitude of this 
path difference K easily seen tohe i sin fi, where r is rhe gr/timg element, that 
IS, the distance EA or AC from one opening to the next, and 9 is the angular 
distance of the point Qx from the original direction of the beam of light This 
path difference, then, steadily mcretses, the greater the ande 9 
* Although in an actual gratittg there mai be seicral Ibousand small openings in this 
figure onlv a few are shown, m ordtr to make clear the un terhinj: i leas 
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Suppose, now, that at a value oi 6 = 6, the path di0erence between succes- 
sive rays is exactly one wave length, that is, that s sin — A Then the rajs 
for this particular direction when superimposed all arrive m step or m phase, 
reinforcing each other, and a very bright image results Other bnght images 



Fig 112 Optical arrangement for obtaining a spectrum with a transmission grating 


are obtained m the special directions 62, 63, 6^, etc , where s sin O 2 = 2A, 
s sm — 3A s sin 0* = 4A, etc With the arrangement shown in Fig 112, 
then, the original beam of monochromatic light gives rise to a central bnght 
image or order at P (where the rays reinforce because the path difference 
between any two is zero and again all are in step), first order images on either 
side of P, at Q and 0/, corresponding to the angle 
01 second order images at Qn and Qz, correspond- 
ing to & 2 , and possibly higher orders 

If the onginal beam, instead of being monochro- 
matic, conssts of a mixture of wave lengths, we 
obtain a senes of first order images, one for each con- 
stituent wave length, and another senes of second 
order images , or, the light is spread out into a first 
^ and second order spectrum (and possibly higher 
orders) If, for each image, in a spectrum, we 
measure the corresponding 0i and (as we can 
readily do by means of a spectrometer) then the wave lengths can at once be 
found, from either of the relations 

A = j sin 01 or 2A = j sin 02, 
provided that the magnitude of s is known 

Instead of a transmission grating, a reflection grating is often used A 



a portion of Rg 112 
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good reflection grating is nude by ruling, with t diamond |>o nt and a divid ng 
engine, 1 senes of regular]} spiced grooves on polished speculum metal If 
such 1 gnting is made on a plane surhcc and a beam is incident as m Fig 114 
the light IS diffncted and bundles of n)s in the sime direction are superim- 
posed b) 1 lens at is ivitb the trinsmission grating For exactly the same 
reison is given abot e, spectra are obtained, and a complex beam is analyzed 
mto Its constituents In another veiy important t}pe of reflection grating, 
rulings irc made on a concave surface With tins tjpe, it is possible to obtain 
siipcrmi|X)Scd bundles without the use of a lens 



Fig 114 To lUustnie the pnnciple of a plane reflection gtating 


94. The Angstrom and Millimicron — Measurements obtained with 
gratings (and other means) show that the visble spectrum contains wave 
lengths ranging from about 0 00004 cm at the violet end to slightly greater 
than 0 00007 cm at the red end When isolated wave lengths emitted by 
different substances are measured, we obtain such values as 0 00007682 for a 
potassium red line, 0 00006563 for a hjdrogen red line, 0 00005790 and 
0 00005770 for two bright mercury }ellow lines, OOOOOS461 cm for a 
very bnght mercury green, and so on for literally tens of thousands of 
measured lines Since these wave lengths are so very small, for convenience, 
instead of using a centimeter as unit of length, the angstrom and the md 
hmteron are often used An angstrom (called after Angstrom, a Swedish 
pioneer in spectroscopy) is equal to 10 * cm A micron being equal to 

— mm , a millimicron is of a micron or 10~* mm, or JO"’ cm 

innn ’ 1000 
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Suppose, now, that at a value o{6 = e, the path difference between succes- 
sive rays is exactly one wave length, that is, that s sin — A Then the rays 
for this particular direction when supenmposed all arrive m step or in phase, 
reinforcing each other, and a very bnght image results Other bright images 



Fig 112 Optical arrangement for obtaining a spectrum with a transmission grating 


are obtained m the special directions B^, etc , where s sin — 2A, 

s Sin — 3A, s sin B^ — 4A., etc With the arrangement shown in Fig 1 12, 
then, the original beam of monochromatic light gives rise to a central bright 
image or order at P (where the rays reinforce because the path difference 
between any two is zero and again all are in step), first order images on either 
side of P, at iji and Qj,', corresponding to the angle 
, second order images at Q 2 and Q 2 J correspond- 
ing to 6,, and possibly higher orders 

If the original beam, instead of being monochro- 
matic, consists of a mixture of wave lengths, we 
obtain a series of first order images, one for each con- 
stituent wave length, and another senes of second 
order images, or, the light is spread out into a first 
. and second order spectrum (and possibly higher 
orders) If, for each image, in a spectrum, we 
measure the corresponding and B^ (as we can 
readily do by means of a spectrometer) then the wave lengths can at once be 
found, from either of the relations 



Fio tl3 Enlargement of 
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2A = 


[ sin 02, 


provided that the magnitude of s is known 

Instead of a transmission grating, a reflection grating is often used A 
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good reflection grating is made by ruling, with a diamond point and a dividing 
engine, n senes of regular]} spaced grooves on poIjsJied specuJum metsl If 
such 1 grating is made on a plane surface and a beam is incident as in Fig 1 14, 
the light IS diffracted and bundles of rajs in the same direction are superim- 
posed by a lens at Q as with the transmission grating For exactly the same 
reason ns given above, spectra are obtained, and a complex beam is analyzed 
into ns constituents In another terj important type of reflection grating, 
rulings are made on a concave Surface With this tjpe, it is possible to obtain 
supenmposed bundles without the use of a lens 



Fic 114 To illustrate the pnnciple of a plane reflection grating 


94. The Angstrom and Millimicron — Measurements obtained with 
granngs (and other means) show that the visible spectrum contains wave 
lengths ranging from about 0 00004 cm at the violet end to slightly greater 
than 0 00007 cm at the red end When isolated wave lengths emitted by 
different substances are measured, we obtain such values as 0 00007682 for a 
potassium red line, 0 00006563 for a hjdrogen red line, 0 00005790 and 
0 00005770 for two bright mercury yellow lines, 0 00005461 cm for a 
very bright mercury green, and so on, for literally tens of thousands of 
measured lines Since these wave lengths are so very small, for convenience, 
instead of using a centimeter as unit of length, the angstrom and the md- 
Ittntcron arc often used An angstrom (called after Angstrom, a Swedish 
pioneer in spectroscopy) is equal to 10“* cm A micron being equal to 

mm , a millimicron is of a micron or lO"* mm , or 10"^ cm 
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The above wave lengths maj then be written in angstroms as 7682, 6563, 
5790, 5770, 5461, and in millimicrnns or as 656 3, 579 0, 577 0, 546 1 

95 The Infrared — 1 he student uill recall that the spectrum does not 
end with the region where the eje ceases to have the sensation of red 
Bejond the visible red is an invisible region of longer wave lengths, called the 
mjraredy a region which may readilj be made evident by the rise in tempera 
ture of a sensitive instrument such as a thermopile or radiometer or even the 
blackened bulb of a thermometer Infrared rajs are sometimes called heat 
rays because of this development of heat when they are absorbed, but the 
name is m sleading, since the energy of visible and other electromagnetic waves 
on absorption is also changed into heat 

At least part of the infrared region may be examined photographically, 
because in recent years, emulsions have been developed which are sensitive to 
part of this region Figure 115, for example, is a photograph of the spectrum 



Fig 115 Spectrum m the near infrared 


of the iron arc showing wave lengths extending beyond 8500 angstroms 
Apart altogether from spectrum work, infrared photography has important 
applications although most of them are not of special interest to the medical 
student Many of the applications arise from the fact that infrared njs, 
because of their longer wave lengths, are less scattered by fine particles of 
dust or fog in the atmosphere, and so are much more penetrating Details 
of distant landscapes, for example, stand out with remarkable clearness 
Indeed mountain ranges have been photographed at a distance of several 
hundred miles, and from airplanes well over four miles high, infrared photo 
graphs showing deuils over a wide range of terrain, are taken 

96 Range of Infrared Radiation — The extent to which a spectrum 
extends into the infrared depends on the nature of the source, pnni^ly on 
Its temperature There are few people who are not familiar with the fact 
that if m a dark room, the temperature of a solid, like a piece of iron, is 
gradually raised, it remains invisible for a time but, after further heating, it 
becomes at first reddsh in color, and finallj, if made hot enough, “white 
hot Th s fact illustrates a fundamental law of radiation which states that 
as a body becomes hotter and hotter it radiates an excess of shorter and shorter 
wave lengths Stated otherwise, it means that the wave lengths of the region 
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in whjch the intensit) of the radiation from i source is a maximum are 
shorter, the higher the temperature of the source For example, an clcctnc 
iron at 300®C or 400°C , invisible in the dark, althoUj,h too hot t) touch, 
emits infrared radiation with a maximum intensitj in the region 40,000 to 

50.000 angstroms. The same iron, if heated to 700® or 800®C , wmdd 
become reddish m appearance because it now emits some visible light at the 
red end of the spectrum, the region of maximum intensitj shifting to 20,000 
or 30,000 angstroms With an incandescent source as hot as the sun, the 
region of maximum intensit) is in the visible part of the spectrum, being in 
the neighborhood of 5000 angstroms, or a tnfle less It should not be 
forgotten, however, that such a source also emits considerable infrared 
radiation 

In thera|>^ the infrared region is sometimes divided into the near infrared, 
extending from the red end of the nsible spectrum to about 14,000 or 15,000 
angstroms, and the far infrared, corapnsing still longer waae lengths Simi 
lari), sources used Tn' infrared therap) are sometimes classified either as short 
wave or luminous emitters, like incandescent lamps, or as long waae sources, 
such as dull red or non luminous heaters 

In considering the choice of a source for infrared therap), a student should 
bear m mind that an)r biological action from such radiation is due to a nse in 
temperature of tissue, a^factor which depends primanl) on the absorption of 
radiation Research workers in this field, like Cartwright, Fors)the, Adams 
and Lucfciesh, have shown that infrared in the long wave length region is 
absorbed b)f a very thin superficial la)er of tissue, causing a marked feeling 
of warmth on the part of an individual on whom such radiation falls On 
the other hand, maximum transnmston by tissue occurs for wa\e lengths 
m the neighborhood of 11,000 angstroms Hence, if it is desired to have 
infrared penetrate tissue to any extent, a source emitting maximum intensity 
near this region should be used Curves giving the intensity distribution of 
the radiation from a 500 watt CX lamp show that the region of maximum 
energ) is around 9000 or 10,000 angstroms Hence it is a fairl) good 
source if penetration is desired Since such a lamp also emits some energy in 
the much longer wave lengths, it is sometimes wise to reduce superficial 
absorption with the resulting uncomfortable feeling of warmth This can 
'Be fione ‘by p'lacing a water ce'Il ‘between £ne 'lamp an& fne paiieift, since a 
1 cm lajer of water almost completely absorbs the long waae lengths be)ond 

14.000 angstroms Ordinary glass, it may be noted in passing, is fairl) 
transparent in the near infrared, although its transmission decreases rapidl) 
beyond 30,000 angstroms I n all media jhe amount of absorption, of course, 
depends on the thickness of the absorbing la)er 
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97 The Ultraviolet — Beyond the violet end of the visible spectrum, 
mother invis ble region, the ultravtolet, is readil) revealed either by photography 
or by means of the fluorescent light emitted when ultraviolet rays fall on 
certain substances Figure 116 is a photograph of the spectrum of mercury 



Fic 116 The near ultraviolet spectrum of mercury vapor 


vapor, in which the wave lengths of most of the spectral lines are in the 
ultraviolet region Since ordinary glass completely absorbs wave lengths 
shorter than about 3200 angstroms (see Fig 117), a spectrograph for the 
analysis of the ultraviolet must use prisms and lenses of some other material 
By far the commonest is quartz, which is transparent to wave lengths as short 
as 1850 The use of fluorite 
extends the 1 mit to about 1200 
and of lithium fluoride to about 
1083 In this region absorption 
difficulties become very great 
Fic 117 Spectra of mercury vapor (a) without Air Itself, at atmospheric pressure, 
filter of ordinary window glass (b) with such a because too opaque for the investi- 
gation of wave lengths in the 
extreme ultraviolet and vacuum spectrographs with concave gratings, become 
necessary With this t)pe of instrument wave lengths as short as 40 angstroms 
have been photographed 



98 Sources of Ultraviolet — Attention is directed to the following 
sources, of special interest m radiologj 

(a) //«j open arc, such is thit between the carbon rods of a projection 
lamp, or between anj two metil rods If the carbon rods i7e impregnated 
with various compounds, the intensity distribution in the spectrum of the 
emitted light may be iltcred, some parts being enhanced more than others, 
depending on the nature of the compound used 

(b) T/ie Sun Under the most favorable conditions, such as high noon 
in midsummer, the shortest wave length m the solar spectrum is in the 
neighborhood of 2950 angstroms Ordinary window glass, as vve have 
already noted, wfll transmit nothing shorter than about 3200 

/Ucordins to figures given by V S Brackett of the Smithsoniin Institute, 
of the total solar energy radiated, from 1 to 5 per cent is in the ultraviolet, 
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I from 41 to 45 per cent in the visible, and from 50 to 58 per cent in the 
‘infrared 

The amount of indirect radiation from the sky, as distinguished from the 
direct ra}s of sunshine, depends on the tvave length, but for the region 
2900—3200 it tna) exceed that oj the direct beam 

(c) Sun L amp If an incandescent lamp, or any other kind enclosed in 
a transparent envelope, is to be used as a substitute for the sun, as far as 
ultraviolet is concerned, the bulb or envelope must be made of quartz or 
of special kinds of glass transmitting wave lengths as far, at least, as 2950 
The source of light must also radiate wave lengths of appreciable energy 
as short as this limit An ordinary lamp with a tungsten filament is not of 
much use as a source of ultraviolet because, as we have already seen in 
Section 96, although any hot body radiates a continuous spectrum, the region 
in which maximum energy is radiated depends on the temperature In 
t he sola r spectrum, this region is in the neighborhood of 5000 angstroms 
Since th is_ corresponds t o a temperature of about 6000® absolute, and since in 
the most poweiTuT incand escent lamps, maiSmum telnperatures are only 
a bout 33 50° absolute, we could not expect ordinary lamps with tungsten 
filaments to reproduce the solaFs'^'ctrum The Mazda C-4 lamp is a special 
orufclMTgned for operation at a filament temperature exceeding 3350“^ The 
emitted radiation from this extends into the ultraviolet nearly, but not quite, 
as far as the solar spectrum 

So called sun lamps usuall) make use of some kind of arc in mercmy 
vapor Figure 1 16 is the spectrum of an electric discharge produced by high 
frequency currents in a quartz tube containing mercury vapor at low pressure 
The source was not a sun lamp, but it emphasizes the fact that thc_spectrum 
of an arc in mercury vapor at Iow_ pr essure consists large!) _of isolated waire 
lengths ^extending well into the ultraviolet 

~In the S 1, one of the earlier sun lamps, there is an arc between tungsten 
terminals in an atmosphere of mercury vapor The spectrum is a combination 
of a continuous band m the red and green regions, plus the mercury spectrum, 
which IS transmitted by the special glass of the cns elope, to possbly 2000 
angstroms In another sun lamp, the S 4, a mercury arc takes place in a 
small quartz inner tube, the outer envelope being again made of special 
gfass 

(d) Other lamps TheAH^6Jamp is a pou«ful 1000-watt source_of J»th 
luminouTracJntton and near uJtramlet, consisting; fundamenHIv of a hi ^h 
pressure mercury arc in^ an J.nner'” quartz tub^ with an mitcr^g lass envelop e 
and an arrangeme’nt for continuous water cooling At high pressures, the 
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spectrum of discharges in mercury \ipor is less confined to sharp isolated 
wave lengths 

By wa) of contrast to the AH-6, reference is made to the 30-watt germtctdal 
lamf, which carries a comparatively feeble discharge through mercury vapor 
at low pressure, and has an outer envelope transmitting wave lengths to at 
least 2500 angstroms In this kind of lamp, which is sometimes designated 
as “ cold ” because of the low power consumption, there is a high concentra- 
tion of ultraviolet energ) in the isolated wave length 2537 

In principle the modern fluorescent hmp is essentiall) the same as the 
germicidal tjpe In the fluorescent lamp, the inner walls are coated with 
suitable phosphors which, under the stimulus of mercury wave lengths, emit 
fluorescent light 

99 The Use of Ultraviolet in Medicine — Reference will be made 
to three wajs m which ultraviolet light is of importance to the medical student 
(1) as an agent for the production of erjthema, (2) as an agent for killing 
bacteria, and (3) as an agent for the manufacture of vitamin D As always, 
in this book we are concerned primarily with basic physical ideas 

Few people are unaware of the effect of sunlight on the skin To examine 
this effect scientifically some relation must be found between the biological 
effect — the reddening of the skin followed by tanning — and the intensity 
and the quality of the radiation As far as qual ty goes, examination of the 
effect of different wave lengths shows that ultraviolet light is necessary for 
tanning, and that, if we restrict ourselves to sunlight, the most effective range 
is between 2900 and 3100 angstroms It is, therefore, only the extreme 
short wave length end of the solar spectrum which is useful in fact, the useful 
component is so near this end that during the shortest days of the year the 
erythema-producing component is negligible 

To examine the effect quantitatively first of all some biological reaction 
must be agreed on is a standard, or as near a standard as is possible in biological 
work where individuals differ so much The standard effect commonly 
adopted is the ynmtmum fercefttble ery thema, or the M P E , which may be 
defined as a “ barely perceptible recHening of an average untanned skin * 
The ‘ dose ” necessary to produce an M P E must next be determined 
If there were a single constant source of ultraviolet radiation, this would 
involve only a determination of the time necessary to cause an M P E For 
example, the Mazda S 1 sunlamp, at a d stance of 30 inches, produces an 
M P E m from 5 to 7 minutes But everybody does not use Mazda S-1 
lamps, and even the layman knows that the useful ultraviolet content of the 
sun varies tremendously with the season of the year It is therefore necessary 
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to have some me^ns of measuring fundimentallj the actual intcnsiti of the 
iiltraaaolet component of the racliition which is effective m proJuan;; erathema 
Over a wide range of wave lengths, extending from the infrared to well 
down m the ultraviolet, intensity 
may be measured by any sensitive 
detector of the nse in temperature 
which results from the absorption of 
radiant energy For this purpose 
the thermopile, the thermocouple, 
the bolometer, and the radiometer 
are all used In using an instrument 
like the thermocouple, one may 
cither measure the intensity of the 
beam as a w hole, or the beam may 
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be separated into its constituent wave length, and the relative 

I , , , '-“•live intensities 

measured by movang the thermocouple along the spectrum In the htte 
case, some form of amplification is desirable 

If the specific problem is an exam inat ion o f the intensity of the erythema 
producing rays, the remainder of the rays can be removed by a Suitable filter 
This IS what IS effectively done when use is made of the fhotoelectru effect 
a phenomenon which may be demonstrated by the following simple experiment* 
^ Suppose an insulated zme plate P 

1 18, IS joined to the knob of an ’elec- 
troscope, and that the system is nega- 
tively charged With proper insula 
tion the leaf of the electroscope 
remains for some time with deflection 
unchanged If, however, light from 
an arc lamp is allowed to fall on the 
metal plate, the electroscope leaf 
quickly falls If the system is posi- 

~ “'I- 'Charge 

takes place The discharge when the 
plate is negatively charged is caused by a photoelectric emission of electrons 
from the surface on which the light is incident A photoelectric cell is a refined 
device making use of this pnnciple In one form a highly evacuated tube T, 
Fig 119, has an anode consisting of a single wire or ring projecting into the 
tube, and a cathode, a large area of a metal surface spread over a part of 
the inside wall When such a tube is inserted in a circuit as shown m Fi<» 
1 19, and light falls on the metall c surface, a current is md cated by the gal 
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vanometer G because of the photoelectric emission of electro ns from the su r- 
f-ice 

In connection with the relation between this current and the nature of the 
incident light, two important facts should be noted (1) The magnUude_of 
the photoelectric current is directly proportional to the intensity of the incident 
light The galvanometer reading, therefore, is a measure of the intensity of 
the light (2) For any given metallic surface, wave lengthsjongcr than a 
certain critical value do not cause any photoelectnc emission For example, 
if the above expenment is repeated with a piece of red glass in front of the 
zinc plate, the electroscope is not discharged, because for zinc the critical wave 
length IS about 3020 angstroms, and the light transmitted by a piece of red 
glass includes little shorter than 6000 angstroms 

The value of the critical or threshold wave length depends markedly on the 
nature of the surface Thus, for the element caesium it is 6810 angstroms, 
for sodium 5830, for aluminum 4770, for silver 3250, for cadmium 3140, 
and finally for an allo} of cadmium and magnesium 3350 For the ex amma - 
tion of the intensity of the erythema production component of solar radiation, 
a photoelectnc cell with a cadmium-magnesium surface is particularly useful, 
because “^its spectral sensitivit) is such that it responds to the ultraviolet energ} 
of vanous wave lengths approximately in accordance with their 
in producing erythema or sunburn ” It should be borne in mind that the 
region of wave lengths for which a photoelectric surface has ^ maxi m um s en- 
sitivity IS somewhat below the cntical wave length For a cadmium- 
magnesiura surface, the greatest sensitivity is around 2800 angstroms In 
the production of erythema the most effective wav^eng^hs are in the region 
2950 to 3000 Note (see Fig 116) that in the mercury spectrum, a fairly 
strong line occurs at 2967 ^ ^ * 

100. The Finsen — In considering any unit of dosage relating to radia- 
tion, the reader must distinguish between tntensity and total radiant energy 
Intensity is measured by the time rate at which energy passes through unit 
area, or by what is often called the flux of radiant energy per unit area If 
our interest is in illumination and vision, we are concerned only with that 
portion of the total radiation which is of value for vision, or in what is called 
luminous flux If our interest is m the production of an erythema, our 
concern is with erythema-producing radiation In this field, a unit of intensity 

has been standardized by the Illuminating Engineering Society and the 
International Commission on Illumination, although it has not yet received 
widespread use It can best be explained by a brief reference to work done 
by Luckiesh and collaborators at the Liehting Research Laboratory of the 
General Electric Company 
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i^it o^er ythema -producing fiux is called the E-vtton, the correspond- 
mgmn on»if»j}iy bein g, of cou rse, l_£-viton per sq cm For this unit 
o f intensity the name finsen jas been suggested by Luckiesh in honor of 
Finsen, a Danish p o neer.m light therapy 

By defi nition, 1 finsen is a flux of 10 microwatts per sq cm of radiant 
cnerg y^^ th at partianar~wave"length which has a maximum effect in pro 
duOTg ery thema As we have already indicated, ths wave length is close 
to 2967 angstroms In order to find the number of microwatts per sq cm 
of anj other wave length which is equal to 1 hnsen, use must be made of a 
curve such as that given in Fig 
of Luckiesh and other workers, 
shows the relative effectiveness 
of different wave lengths in the 
production of erythema Sup- 
pose, to take an example, that 
we wish to find the value of the 
finsen for wave length 3022 
angstroms On consulting this 
curve we note that, when the 
effectiveness of 2967 is taken as 
I, that of 3022 is only 0 55 
For this wave length, then, the 
finsen has the value 10/0 55 
or about 1 9 microwMts per sq 
cm 

Dosage, as we have seen, refers to the total amount of energy of the useful 
wave lengths delivered at any given place Evidently the total energy deliv 
ered depends on (a) the intensity of the useful components, and (b) the 
time of applcaton In the case of erythema producing radiation, the unit 
of dosage is either a finsen second, or a finsen-mmute, or a finsen hour 
Actually, finsen hours are used a great deal 

General Electric workers have published curves showing the number of 
finsen-hours of erythema-producing solar radiation received on a horizontal 
plane each month for a penod of four }ears Their results give numbers 
ranging as low -is 27 for December to 452 for June It is interesting to note 
that the highest intensity recorded dunng the whole four j ears’ penod was 
about 4 2 finsens '* This,” these workers stated, “ will cause a M P E on 
average untanned skm in about 10 minutes ” According to this statement, 
the dose causing the M P E is 4 2 X 10/60, or 0 7 finsen-hour This is in 
agreement with the statement that by exposing several men to sunlight in 
the month of Julj, the avenge P E dose was found to be J of a finsen hour 


120 Such a curve, obtained by experiments 
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It s interesting to note that the total erjthema producing flux from a 60- 
watt Mazda CX lamp is 140 E-\itons, from a 500-watt CX lamp, 3200 
E vitons, and from the 4 40- watt S-1 lamp, as much as 70,000 E-vitons 


101 Germicidal Effect of Ultraviolet — A second important appli- 
cation of ultraviolet radiation is its use for the destruction of bacteria In this, 
as in any other application, one of the first problems is to examine what 



wave lengths or range of wave lengths are most effective To some extent 
the answer to that problem depends on the nature of the bacteria to be de- 
stroyed T here i s geiwal agreement, however, that the wave lengths which 
^^15 maximum bactericidal effect are in the neighborhood of 2600 angstroms 
Note, for example, the curve'^due to Luckiesh, Halladay and^]^or,'repro- 
duced in Fig 121, which shows the relative effectiveness of a wide range of 
wave lengths for killing B Coli 

The occurrence of a maximum germicidal effect for wave lengths near 
2600 angstroms is extremely fortunate because the most intense wave length 
in the complete ultraviolet spectrum of mercury is at 2537 angstroms 
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Morco\er, when .in electric discharge tikes place in a tube containing mercur) 
\ipor at low pressure, as much .is 95 per cent of the total ultraviolet energy 
appears in this wase length It follows that an almost ideal germiadal 
source of ultrasiolct ridntion is to be had in a low pressure mercury vapor 
limp, pronded its walls are transparent to wa\e length 2537 This con- 
dition is readilj fulfilled bj making the containing tube either of quartz or 
of spccnl kinds of glass such is Cortex Such lamps, similar in operation to 
the familiar fluorescent tubuhr kind, are on the market For example, one 
consuming onlj 15 witts is suitable for installation in a refngerator where it 
IS effective for the prevention of the formation of mould 


Tabi-e \I1 — Rakce of Fvectromacnetic Wave Lewctms 


Kind 

Longest 

Shortest 

Electric 

20+ mites 

0 22 mm 

Infrared, far 

04inm 

15,000 angstroms 

Infrared, near 

15,000 angstroms 

7,700 angstroms 

Visible 

7,700 angstroms 

4,000 angstroms 

Ifltra violet, near 

J,900 angstroms 

2,5><X) angstroms 

Ultraviolet, far 

2,900 angstroms 

1,800 angstroms 

Ultraviolet, extreme 

1,800 angstroms 

40 angstroms 

X-rajs ^ 

500 angstroms 

0 05 angstrom 

Grenz X rays 

5 angstroms 

1 angstrom 

Diagnostic \ ra) s 

0 3 angstrom 

0 1 angstrom 

Therapeutic X rays 

0 1 angstrom 

0 05 angstrom 

Gamma rays 

0 3 angstrom 

0 006 angstrom • 


A compnnsnn of a 300-watt, llS-volt mercury arc lamp with a 30-watt, 
115'volt t3pc designed for bactencidal purposes, emphasizes the importance 
of operation with mercur) at low pressure. Although the power consumption 
of the first lamp is ten times greater than the second, measurements by Luckiesh 
show “ that a 30-watt germicidal lamp cm often be more effective in (germi- 
cidal) practice than a 300-wntt quartz mercur) arc.” A s alre ady indicated, 
thr renson^lies in the fact that in a discharge at low pressure, almost all the 
ultraviolet cnerg) is concentrated in wave length 2537. 

The student should now understand why a sunlamp which, with its 
shortest vvaie length around 2800 angstroms is excellent for the production of 
er^hema, is a poor source for germicidal use. It should also be apparent that, 
although sunlight has undoubtedly a”germicidal effect on some organisms, the 
low pressure mercurj vapor lamp transparent to 2537 radiation is a far more 
effective agent 

As hr as dosage is concerned, special germicidal units should be developed, 
just as in the case of erythema-producing radiation. Much quantitative work 
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has been done by Luckiesh and others, but as units have not yet been finally 
standardized, discuss on of details is omitted in this book The student should 
note, however, that valuable information is provided if all persons using germi- 
cidal lamps record the power input of the lamp used, the time of application, 
and the distance of the lamp from the material radiated 

102 Production of Vltamm D — Ultraviol et radiat ion of selecte d 
wave lengths is of great importance in the production pryit imin U , the o rgan ic 
agent which promotes normal calaum metabolism THeabsence of vitamin 
D from a diet means imperfectly calcified bones and 
may give rise to rickets A cure may be brought 
about byTrrTdiation with ultraviolet light of suitable 
wave length When the ergosterol in jthe^skin _ 
absorbs the radiation, vitamin D is manufactured 
and subsequently gets into the blood stream, effecting 
the cure The ergosterol is said to be activated 
There is evidence that the region of maximum 
efficiency for the production of vitamin D is about 
the same as for the production of erythema hence in 
the region around 2800 or 2900 angstroms the 
erythemal effect is an approximate measure of the 
anti rachitic effect But, it should be noted that, 
according to Luckiesh, “ there are indications that 
energy m the region of 2500 and 2600 is anti- 
rachitic through the production of vitamin D The 
use of germicidal lamps m poultry houses also yields 
some evidence in this respect 

103 Range of Electromagnetic Waves — 

In section 91 it was pointed out that infrared, 
visible, and ultraviolet light belong to the same class 
Fia 122. Schcm^ac i^pre electromagnetic m nature 

sentatioao/coiJipJeterange Although we have yet to discuss x-rajs and gamma 
of electromagnetic wave ra> s f rom radium, two other kinds of radiation which 

must be included in the same category, it is con- 
venient at this stage to record the classification of wave lengths given m Table 
XII It should be understood that there is nothing rigid about the short and 
long wave length limit in any particular group 
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PROBLEMS AND QUESTIONS 

1 (l) Dtfscnlk. fuil) how jou would photograi h tin. ultra moIcC iiul visible spectrum 
rinittcJ b) anj source of light (u) Compare tU s]n.cfruiii )ou would obtain with a 
carbon arc ttilb that from a ijuartz mmurj' lafwr lamp (lu) If 3oof source of light 
was sunlight, what would be the approximately shortest wa\c length recorded (m ang 
Stroms), Q) through an open window, (.">) through a closed window of ordinary 
glass’ In each cast explain why no sliorttr wa\t lengths are recorded 

2 State three ways in sshich ultrasiolet light is of importance m medicine With 
respect to each state whether (i) wise length 2950 ( i) sunlight, is a good or a poor 
agent 

3 An insulated rinc plate is joined to the leaf of an electroscope, the whole positively 
charged When light from a bare arc lamp falls on the rmc plate, the electroscope 
does ffo/ lose IIS charge Fxpfam 

4 Fxptain the relation of t angstrom, I millimicron and 1 X U to the centimeter 

5 If the first order image of a cerUin wave length, obtained with a transmission 
grating on which the light is incident perpend cularly, is 20° from the central order, 
show how you would calculate the pc sition of the second order image 

6 A transmission grating has 14,520 elements m 1 ineh Find, in angstroms, the 
wave length of monochromatic light which gives first order images 19“ 42' from the 
central order /tut 5890 angstroms 

7 Why IS a low pressure, low power mercury lamp a more efficient germicidal lamp 
than a high pressure, high power mercury lamp’ Assume each has a quartz container 

S W'Fiy docs a person feel vvarmer w-hen near a 500 watt dull emitter of heat than 
when at the same distance from a 500 watt high temperature lamp’ 

9 A certain lamp emits a total erythema producing flux of 3000 F vitons (a) Find 
the intensity (in finsens) of this tvpe of radiation at a distance of 50 cm from this lamp 
assuming it radiates equally in all directions (b) Find hovv long it would take to deliver, 
at this distance, an average M P E dose equal to § of a finsen hour Am 0 09Sj 7 hours 
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In section 40 it pomln! out ilut a of x-ms raJ-alcx from l» e 

foci spot of an v-rn t,.l< In tins cfiir'cr s'nll .1 vnnr of tlic 
importint properties of Midi ^ lieiin 

104 PhotORrnpluc EfTcCl - \-rau sfirci a photographic p’atr or 
film, or scnsit)/cil pT[Kr in much ihc v-inic vs iv iv * ri* nan J ,rht 1 he sprfi*v 
of different photrv'raphic cmul* ms van. and. (<>r the same plate, the speed 
vanes with the kind of raw used 

105 Fluorescent Effect — \-nw excite fiuorcvence in certain snh- 
stances on which ihc> fill Hi flm rewence we mean the cm-v^on «if v s.’ e 
light which vonttmies w linj as the rvvs vtnVe the MiMance \v it wav lie 
fluorescent propertv which led to the discoven of \-ravs hv K<>fiii::en, it ts 
of interest to (juotc a few sentcnies from a iranslvtion of a prtl m nan com- 
munication read hv Roentjen. on Dev 2S I SOS fsefore the PhwAaltssh- 
medicinischen Gescllschift of Wur/horg * If the elcctnc discharge from 
a large RuhmkorlT coil is passed through a Hittorf vacuum tulsc. or throuch 
a sufficient!) exhaustcsl I cnard Crookes, nr s milar tiilie, and if the tube is 
covered with a fairli close fitting enveh pe of thin Hack card, it will be found 
that a paper screen placed near the apparatus and covered with Kanum platino- 
cvanidc will become bnghllv luminous and fluorescent It is tmniaterul 
whether the prepared side or the unprepared side is turned towards the appa- 
ratus The fluorescence is still noticeable at a distance of two metres from 
the apparatus It is casj to establish that the cause of the fluorescence pro- 
ceeds from the discharge tube and from no other part of the elcctnc circuit 

“ The first remarkable feature about this phenomenon is that vve have here 
an agent that can pass through a black card envelope vv Inch ts imjvervaous to the 
visible and ultraviolet rajs of the sun of elcctnc arc, and that this agent 
capable of producing vavad fluorescence. The fluorescence of banum platino- 
c}anide is not the onl) recogmsahle effect of the \-rijs. Other bodies al''*’ 
fluoresce, as for instance the calcium compounds known as phosphor, tl'^ 
uranium glass, ordinar) glass, calcspar, rocksalt, etc. 

“ Photographic dr) plates are sensitive to \-ri)s, and this fact ts of spccfit 
13^ 
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importance m many respects It enables many phenomena to be recorded, 
thus making it easier to exclude deceptions and whenever possible I have 
checked by means of a photographic exposure every more important visual 
observation on the fluorescent screen ” 

In radiolog) two applications of the fluorescent effect of x-rays are made 
( 1 ) m the use of a fluorescent screen for diagnostic purposes, and (2) in the 
use of tntenstfymg screens for shortening exposures when radiographs are being 
made There are few people nowada) s who are not familiar with the shadow 
pictures which the roentgenologist so often studies when a patient is between 
the x-ra) tube and the fluorescent screen In the rapid x-ray chest surveys of 
large groups of people, which are frequently made for tuberculosis tests, use is 
made of fluorescent screens By photographing the shadow picture of a 
person’s chest and lungs which is thrown on a fluorescent screen by the x-ray 
tube. It IS possible to make records at the rapid rate of about one person per 
minute 

Intensfjmg screens are used in standard photographic diagnosis, where a 
fluorescent screen is replaced b) a sensmve plate or film m order to shorten the 
time of exposure These screens, which are made of such substances as tungstate 
of calcium, are placed directlj m contact with the sensitive emulsion on the 
photographic plate or film Wherever the rays strike the screen, therefore, the 
bluish (fluorescent) light emitted (which is much more actinic than x-rays) 
acts on the emulsion and so shortens the exposure to a marked degree A 
reduction as much as five- to tenfold is quite normal Care must be taken to 
keep the screen clean, for particles of dust will absorb the visible fluorescent 
light and spot the plate The exposure may be still further shortened by using 
films sensltl^ed on both sides along with intensifying screens on each side of the 
film “ In actual use intensifying screens are mounted in ngid holders called 
cassettes, m order that perfect contact may be obtained between emulsion and 
screen ” (Eastman Kodak Co ) 

106 Chemical and Dehydrating iEfFects — X rays produce a dis- 
coloration of certain alkaline salts, 1 berate iodine from a soluUon of iodoform 
m chloroform, and change the color of certain substances such as banum 
platmocyanide 

107 Biological Effects — • The burns which result from undue exposure 
to x-rays the beneficial effects of the rajs in curing certain skin diseases, the 
stunting of the growth of young antmalsy the production of mjunes and of 
genetic changes in cells, the destruction of cells and the killing of eggs of the 
Drosophila fruit fly, the production of carcinogenesis and a possible germicidal 
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action on bacteria — these are some of the many examples of this important 
property concerning which more will be stated later 

108 Ionization Effect — X-rays make the air through which they pass 
conducting, as may readily be shown by placing a charged electroscope almost 
anywhere near a tube On sending a current through the tube it is it once 
observed that the leaf of the electroscope steadily falls until the whole charge 
his disappeared The ri)S have ion- 
ized the air m the neighborhood of the 
electroscope to an extent which is pro- 
portional to the rate at which the leaf 
falls Should the experiment be re- 
peated a number of times, each time 
placing the electroscope at a greater 
distance from the tube, it would be 
found that the leaf falls more slowly the 
further it is removed from the tube 
This indicates that the ionization and so 
the intensity of the beam of x rays at a 
local region is greater, the nearer the 
regon is to the tube (Section 147.) 
Fic 123 A simple electroscope for rough As the ionization propert) is the bass 
ionization measurements , , i t r 

of the most accurate methods ot esn 

matng dosage when x rays are used for treatment, the importance of this 
property cannot be too strongly emphasized Later, details of suitable ioniza- 
tion chambers will be given at this place, however, a simple form of electro- 
scope which has been found useful may be noted (Fig 123) The leaf is 
attached to the usual metal support but this instead of ending m a knob outside 
the electroscope, is supported by means of the insulating bead of sulphur S 
The whole is enclosed m an earthed metal chamber with a window IV covered 
with very thin metal foil through which x-rays may pass The electroscope 
IS charged by means of a movable rod /i which passes through an insulating 
support to the outside of the box 

109 Penetrating Effect — There are few people nowadajs who arc 
not familiar with the fact that x rajs pass through fairly thick sheets of matter 
which we ordinarily call opaque A piece of wood is almost as transparent to 
X rays as window glass is to sunlight But thin layers of any substance are 
more transparent than thick, and some substances are more opaque than 
others, herein lies the bass of the familiar x-ray pictures Radiographs arc 
just shadow pictures, wherein detail is vis hlc because of the unequal degree 
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to which different parts of the subject photographed absorb x-rays There 
are in consequence corresponding d fferenccs m density on the plate or film 
As the whole application of x rays both for rad ography and for treatment 
IS bound up with the question of absorption of x-rays, the question of pene- 
trating power will now be considered in detail 

It IS first of all important to realize that the terms opacity, or opaqueness, 
or transparency, of a substance to x rays are very indefin te An experimental 
illustration will make the point clearer Before the window of a charged 
electroscope of the kind shown in Fig 123 is hung a sheet of aluminum several 
millimeters thick On placing a small gas x-ray tube (operated by an induction 
coil developing some 10,000 or 20 000 volts) a short distance away, with 
Its target pointing towards the window of the electroscope, it is found that 
the leaf of the electroscope remains stationary or falls extremely slowly On 
using a larger tube, however, operated by an x-ray transformer on some 
50,000 volts, the leaf falls in a matter of a few seconds The aluminum is 
opaque to the first beam of x-ray^s, but far from it to the second In other 
Words, X rays from some tubes are more penetrating than from others 

Again, the same bulb when operated under different conditions emits rays 
which have different penetrating effects Suppose a hot filament tube is used, 
With always the same mill amperage, but at a senes of different voltages 
Suppose, further, that for each voltage the d stance of the tube from the elec- 
troscope IS adjusted so that m each case the leaf falls at the same rate, when 
ho absorb ng sheet of metal is present If now another set of readings is 
taken from each voltage, at corresponding distances, with an absorbing layer 
of metal interposed it is found that the higher the voltage the more rapidly 
the leaf falls The conclusion is obvious — the higher the voltage across a 
tube the more pe netrating are th e r ^s em tted 
"^There are, therefore, ~difFerent”londs of x rays which we may desenbe as 
medium, or soft, accord ng as they are very penetrating, moderately 
penetrating, or feebly penetrating It will be recalled (section 53) that the 
same terms are used to desenbe the state of a gas tube, a hard tube being one 
for which a higher voltage is required to maintain a certa n current than for 
a soft one But there is no confusion of terms, for we have just seen that a 
higher voltage across a tube means an increase m the penetrating power of 
the rays emitted A hard tube, therefore, emits an excess of hard rays, a 
soft tube an excess of soft rays But the terms hard, medium, and soft, are 
much too elastic for the accurate measurement of so important a quantity 
as the penetrating power and we must seek some means of expressing degrees 
of hardness by definite numbers In other words, we need a scale m terms of 
which the quality of a beam of x-rays may be expressed 
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110 Quality and Tube Voltage — Since the penetration increa<ies 
with the potential difference across a tube, any device, such as a spark-gap meter 
or calibrated primary voltmeter, which measures the magnitude of this quan- 
tity, provides one means of estimating the pentrating power of the rays leaving 
the tube (See section 117) A number of years ago, the Bauer Quahm- 
eter^ an instrument for measuring quality, was on the market This was 
essentially an electrostatic voltmeter which indicated the tube voltage by means 
of a pointer moving over a scale marked with numbers reading up to 10 
No 1 on this scale corresponded to a very low voltage and to rays which 
were completely absorbed by 0 1 mm of lead, and so on until No 10 indi- 
cated rays so penetrating that 1 mm of lead was required for their complete 
absorption Quality was then expressed in terms of these arbitrary numbers 
Such an instrument is not now used and it is mentioned solely to indicate an 
early attempt to establish a scale of quality 

No matter how exact the device for measuring tube potentials this infor- 
manon in itself, important as it is, is not sufficient to describe accurately the 
qualit) of the beam of rays actually utilized This is true for several reasons 
(1) As we shall see presently, there is always a mixture of different kinds 
of rays leaving a target (2) Two tubes with exactly the same voltage, 
do not necessarily emit rays of exactly the same degrees of penetration (3) 
The hardness of what are called characteristic rays (to be discussed later) 
does not increase steadily with appl ed voltage (4) Layers of absorbing 
material are commonly placed between the tube and the place where the rajs 
are desired and these filters, as they are called, alter the average qual ty of 
the rajs More direct means of measuring quality are therefore desirable 
In spite of the fact that a knowledge of the magnitude of the peak voltage 
across a tube does not give sufficient information to describe quality completely, 
m actual practice it is alwajs desirable to give the value of this quantity In 
this connection L S Taylor gi\es the following rough classification of the 
quality of composite beams 

Ultra soft (Gien?) 5 to 10 Kv 

Soft (for dia^os s and superficial therapy) 20 to 120 Kv 

Hard (for deep therapy) 120 to 250 Kv 

Extra hard or super hard, greater than 250 Kv 

111 Quality and Half-Value-Layer (H V L ) — One of the most 
useful practical means of expressing the qualitj of a beam of x-rays consists 
m giving the half value lay er, that is, the thickness of some standard substance, 
copper, for example, necessary to reduce the intensity of the beam bj 50 per 
cent Obviouslj the more penetrating the beam, the greater the necessary 
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thickness I his method, it will be noticed, deals with the absorption of x«rays 
by matter, i very important question which, at this stage, we shall discuss only 
m Its simpler aspects (Sec Chapter XII ) 

Suppose an electroscope E, Fig 124 (or any other of the devices for meas- 
unng lontzstion to be considered later), is placed in the path of a beam of 



Flo 124 A SI triple arrangement for examining absorption of a beam 
of X ra> s by an absorbing layer L. 


X-rays, and that ionization readings are taken when successive increasing 
thicknesses of a material like copper are placed at L in the path of the rays 
Results such as those gi^en m Table XIII, an actual set taken by Dr T G 
Stoddard, arc obtained These are plotted m graph 1, Fig 125 


Table XlH — absorption of an x rav beam bv copper 


Tb ckness of Cu in mm ^ 

Intensity 

0 ! 

100 

0 2S 

63 3 

OS 1 

4SI 

07S 1 

39 3 

10 

30 45 

1 2i 

26,9 

I 50 

23 0 

1 75 

20 6 

200 

18 J 


From this graph, it can at once be seen that the thickness of copper necessary 
to reduce the intensity of the beam from 100 to 50 units, that is, a first 
50 per cent is about 0 46 mm If, however, we attempt to desenbe the quality 
of this beam by stating that the H V L is 0 46 mm , we encounter a difficulty 
The same graph shows that the additional thickness necessary to reduce the 
intensity a second 50 per cent, that is, from 50 to 25 units, is not 0 46 mm 
but more than 0 8 mm Evidently the penetrating power of the rays which 
got through the first 0 46 mm of copper has increased The conclusion is 
obvious — the original beam must have contained a mixture oj rays, some more 
penetrating than others The first absorbinir layers, therefore, removed a 
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greater percentage of the softer, less penetrating rays, thus transmitting a beam 

with an excess of harder rays . u ir t 

It may well be asked What, then, is the use of describing quality by H V 1. 
if, when you work with a beam in the way we have just considered, you do 



Fic 12S Absorption of a beam of x rays by increasing thicknesses of copper In Graph 1 
intensity is plotted against thickness in Graph 2 the logarithm of the intensity 

not always get the same result? The answer is that the H V L is not of 
much value nor generally used unless the beam of x-rays has been filtered 
before any absorption measurements are made, so that the softer components 
have been almost completely removed The H V L is then a good general 


Table XIV — half value layer 


Kilovolts 


400 

SOO 

SSO 

600 


guide to the average penetration of the remainder of the beam, although even 
then Its exact value will depend on the amount of the original filtration The 
point IS well illustrated by Table XIV, which gives some actual observations 
made by Bouwers and Van der Tuuk on the very penetrating rays leaving 
a tube operated on four different high voltages 
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Note two things ( 1 ) With the same filtration but increasing voltage, the 
rays are more and more penetrating, as shown by the steady increase in the 
H V L in either the second or the third column (2) After increased filtra- 
tion, m this case 1 5 mm of copper as against 6 mm , the beam, for any partic- 
ular voltage, IS more penetrating In the third column, the magnitudes of 
the H V L are all consistently somewhat higher than those m the second, for 
the same \oltage 

Because of the wide range in the penetrating powers of different kinds of 
x-rays, the same substance is not suitable for expressing H V L over the whole 
range Soft rays for example, are so readily absorbed by copper that 
extremely thin sheets would be necessary m making the observations required 
to determine a H V L Aluminum is therefore often used as the standard 
substance for soft rays (20 to 120 Kv ) and for the ultra soft region (5 to 
20 Kv ) celluloid may be used For hard rays (120 to 250 Kv ) copper is 
the usual substance, while for the super-hard region tin has been suggested 
for 250 to 600 Kv , and lead above 600 Kv 

When it IS desired to have an intense beam of rays from a tube operated on 
low voltage, as in the Machlett tube desenbed in section 71, or in some types 
of tubes used for diffraction studies, it is desirable to reduce the absorption by 
the walls of the tube itself For that reason windows made of some low- 
absorbing material, such as beryllium or lithium, are sometimes used The 
marked transparency of beryllium, for example, is shown by calculations made 
by T H Rogers on the total intensity of the radiation from a 50,000 volt 
Machlett tube transmitted by equal thicknesses of beryllium, aluminum and 
Pyrex glass His results show that, if the intensity of the beam transmitted by 
1 mm of beryllium is taken as 100, the intensity after passage through I mm 
of Pyrex glass is only 8, and only 5 after passage through 1 mm of aluminum 
The element 1 thium is also remarkably transparent to low voltage x rays, a 
plate 1 mm thick absorbing a negligible amount When lithium is used as 
the window of an x ray tube, the outer side must be protected from the action 
of moisture in the air by a coat of grease or some other suitable material 

112 Homogeneous Beam and Exponential Law — In Chapter 
XI we shall learn that it is possible to separate a beam of x rays into monochro- 
matic components just as a beam of ordinary light is broken up into its con- 
stituent wave lengths When a monodtromafic beam of x-rays is examined 
for absorption in the above manner, it is found that tnatterwhat the amount 
of the original filiratton, equal thicknesses of the absorbing matenal reduce 
the intensity of the beam by the same fraction , or, in other words that the 
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H VL remains constant whether the intensity JS reduced from 100 to 50 
units, or from 50 to 25, or from 25 to 12 5 

Whenever the magnitude of any quantity changes according to such a law, 
that IS, whenever, in the case of x-rays, for each successive equal thickness of 
absorbing material, the intensity decreases by the same fraction, the change 
follows the exfoneniid law Or, to take an example from radioactivity, 
whenever for each successive interval of time, the intensity of the rays from 
radium decreases by the same fraction, the change is exponential As this law 
IS of great importance m radiology, the student should try to understand it 
clearly 

Table XV — an example illustrating absorption of a beam according to the 
Exponential law 


Thickness 

of 

Absorber 

Intensity 

Logarithm 

of 

In tens ty 

D fference in 
Successive 
Logarithms 

0 

100 

2 000 


0 25 mm 

81 7 

1 912 

0088 

OSO 

66 8 

1 825 

0087 

0 75 

1 54 7 

1 1 738 

' 008/ 

100 

1 447 

1 650 

0 088 

125 

36 5 

1 562 

0 088 

1 SO 

29 9 

1 475 

0087 

175 

24 5 

1 389 

0 086 

200 

20 0 

1 300 

0 089 


In Fig 126 the curved line, which is a plot of the results given m the first 
two columns of Table XV, follows the exponential law, that is, it is applicable 
to the absorption of a pure homogeneous beam of x rays by successive thick- 
nesses of an absorbing material such as copper Study it carefully and note 
the following three things 

(1) To reduce the intensity from 100 to 50 units, or from 50 to 25 
requires the same thickness of copper, namely, about 0 86 mm 

(2) If we consider the increase m absorption brought about by the addition 
of the same thickness, for example, by 0 25 mm of copper, the reduction in 
intensity is always the same jraciional amount, whether 0 5 mm is increased 
to 0 75, or 0 75 to 1 00, or 1 00 to 1 25, etc Thus, reading off the graph 
we find that the first 0 25 mm reduces the intensity from 100 to 81 7 units 
or about 18 per cent, the second 0 25 mm , from 81 7 to 66 8, or again about 
18 per cent, or the third 0 25 mm from 66 8 to 54 7, once more about 18 
per cent 

(3) If the logarithm of the intensity is plotted instead of the actual intensity, 
the straight line shown m graph 2 of fig 126 is obtained This indicates 
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that when absorption follosss the exponential law, the log of the j/jtensm 
decreases b> equal amounts (not equal fractions) for equal changes in the 
thickness of the absorber The same result is shown by the numbers in the 
fourth column of Tabic XV If, then, we Kish to test whether a curve is 
exponential or not, a simple way 
IS to plot the log of the sarjang 
quantity, not the quantity itself 
If a straight line is obtained, the 
law IS exponential By way of 
contrast note graph 2 of Fi? 125 
Although this IS a plot of the log 
of the intensity of the beam 
against the thickness of absorber, 
graph 2 IS not a straight line 
because the absorption of the 
beam, which is not homogeneous, 
did not follow the exponential 
law 

113 Protection — Before 
discussing m detail the most exact 
method of measuring the quality 
of a beam of x-rays (by analyzing 
It into constituent wave lengths), 
we may here conseniently make further reference to the question of protec- 
tion It will be recalled that, in section 64, certain facts were given about 
protecting an x ray tube so that, if poss ble, no rays leave the tube except 
in the direction in which they are wanted But even if a tube is adequately 
protected in this way, protection must be provided from the d rect beam 
Itself If sufficiently penetrating, this beam may easly pass through the 
walls of the tube room, causing injury to people in an adjoining room who 
may be completely unaware of its presence In the diagnostic or treat- 
ment room Itself, great care must be exercised by those actually using the 
beam In screening, for example, where diagnosis is made by visual observa- 
tion of the shadow picture on a fluorescent screen, the diagnostician, who is 
in the direct path of the rays, must be protected This is accomplished to a 
cons derable extent by covering the screen with transparent lead glass of suffi- 
cient thickness to absorb most of the rays which stnke the screen 

Again, just as a beam of ordinary light is scattered by fine dust particles in 
the air, so a beam of x rays, on striking matter, may be scattered in all 
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directions and be radiated to places far removed from the direct path of the 
rays (See Chapter XII ) 

So important is the question of adequate protection that the International 
Congress of Radiology has drawn up certain recommendations These are 
printed in an appendix at the end of this book At this stage, we direct 
attention to the following 

(1) Since in the beam which leaves a tube there is always a mixture of 
soft and hard rays, it is generally necessary to remove the softer components 
by filters For example, suppose a deep-seated tumor is being treated by ra)S 
which, of necessity, must be fairly penetrating If the soft rays were not 
removed by filtration, they would be absorbed by the sbn and intervening 
tissue, with consequent danger of serious injury 

Table X\I — equivalent lead thickness foii adequate prdtectiok 


Peak Voltage 

Minimum Lead Equivalent 

75 Kv 

1 0 mm 

100 

1 5 

125 

20 

150 

25 

175 

1 3.0 

200 

1 

250 

60 

300 

90 

350 

120 

400 

ISO 


(2) We have already emphasized that the higher the tube voltage, the 
greater the average penetration of the x-ray beam Su table protection against 
50,000 volts rays will not then be adequate for 200,000 volts Consequently 
protection rules specify the necessary minimum thickness of absorb ng matenal, 
for a range of voltages Because of its great density and availability, lead 
IS more or less taken as a standard substance in specif) ing suitable thicknesses 
of absorbing material (see, however, section 134) Thus, m Table XVI, 
taken from the Recommendat ons of the British X-Ray and Radium Protection 
Committee, the numbers in the second column give the minimum equivalent 
thicknesses of lead for adequate protection against ra) s generated by the peak 
voltages in column one 

If lead Itself is used, there are the actual thicknesses required If, however, 
some other material is to be used, then by actual experiment, the equivalent 
lead thickness must be found For example, in Table XVII and Table XVIII 
will be found equwalent lead thicknesses of iron and of concrete (2 parts 
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balhst, 2 parts sand, I part cement), as found by the National Physical Lab- 
orator) , England 

Thus, \shcn using x-ra)S generated at 200 Kv the equivalent of 4 ram 
of lead IS obtained b) 5 5 cm of iron or 27 5 cm of this kind of concrete. 


WJI — EQlIVALEyT TUICK^ESSES Or LEAD FOR IROH 


Lead 

Equivalent 

Equivalent Tbicltness of Iron j 

ISO 

kv 

200 

kv 

300 

Kv 

400 

Kv 

radium 

gamma 

rajs 

1 mm 

ll mm 

12 mm 

12 mm 

11 mm 

25 

2 

25 

27 

20 

18 

5 

3 

! 37 

40 

1 28 

23 

7 

4 

So 

55 

35 

23 

85 


Table W III — equivalent thicknesses of lead for concrete 


Lead 

Equivalent 

j Equivalent Th ckness of Concrete | 

150 

kv 

200 

Kv 

300 

Kv 

400 

kv 

radium 

gamma 

1 

85 

80 

60 1 

50 

8 

2 

160 

150 

95 

75 

16 

3 

230 

210 

125 

100 

22 

4 

295 

275 

350 

120 

29 


ft IS interesting to note that at the highest voltages given in the tahfes, both iron 
and concrete, relatively tv leady become better absorbers 

PROBLEMS AND QUESTIONS 

1 What effect has the speej of cathode rajs on the nature of the x ray beam orjginat 
mg’ svhen the rajs arc stopped’ 

2 Dtscr he a simple experiment to show that in general a beam of * rays conssts of 
a mixture of hard and soft 

3 Explain the purpose of an mtens fying screen, as well as the principle underlying 

4 Describe six properties of x raj s 

5 Describe two applications of the fluorescence excited by x rays m radiology 

6 JIow would you test an x ray beam (without using a spectrometer method) to see 
whether it is homogeneous, or not’ 

7 A homogeneous beam of x ravs bas a penetrating power such that the half 

absorption lalue of aluminurn is 2 mm How much svill the intensity of such a beam 
be reduced bj 8 mm of alum num’ 93 "S per cent 
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8 The intensuj of a filtered beam of x rajs is examined before and after passing 
through lajrers of aluminum 1, 2, and 3 mm thick and ionization salues of 100, 80, 64, 
and 512 are obtained (ij) Is this beam homogeneous and if so, why^ (t) What is 
theHVLf Am («) jes, (i) 3 1 mm 

9 Explain what is meant by H V L 

10 What IS the general effect of a filter on a beam of X-rays? 

1 1 Explain how the H V L of a beam of x-rays is altered when the tube voltage is 
increased 

12 How is the quality of a beam of x raj's as measured by the II V.L method related 
to (i) the P D across the x ray tube, (ii) the filtration used? 



CHAPTER XI 

MEASUREMENT OF WAVE LENGTH OF X-RAYS 


114 Reflection of X-Rays — It has alreadj been stated that the work 
of von Laue and his colleagues in 1912 proved without an> doubt that x rajs 
had a wave nature just hke ordinary nolet and ultraviolet light Bcfare that 
date other expenmenters had tned uith some success to prove the wave nature 
of x-raj'5 One of the simplest of the early experiments consisted in examining 
whether or not there was any spreading out when the rajs fell on a narrow 
aperture (See Fig HI) Although the results of experiments of this kind 
were not conclusive they d d provide evidence that, if x rajs had a wi\e niture, 
the wave lengths must be of the order of 10 * or 10 * cm With this 
evidence m m nd it occurred to von L-iue that a crystal, whose regular Struc- 
ture was known to have a spacing between 

atom layers of the order of cm A 0 

might act towards \-rajs much the same y' 

as a diffraction grating acts towards light 

The idea was tested by experiment and ^ 

proved to be one of the most fertle in i 

modern science -j 

In Laue’s original experiment a nar- / i / 

row beam of x-rays traversed a zinc Z / 

blende crjstal, and the emergent beam Fio 127 An xray beam along AC 
fell „„ a ptaoeraphe plafe On de„l- of 

opment the plate showed a regular pattern along CD 
of brisrht Spots on a dark background 

In interpreting this result W L Bragg of England showed that it was possible 
to look on cleavage planes of crystals as reflecting surfaces and, subsequentlj, 
m collabortton with his father, Sir William Bragg, developed a technique 
which proved of tremendous value for the amljs s of in x raj beam as w ell as 
for the examination of structure of crjstals 

Cons der a narrow beam of x raj s, represented b> /fC in Fig 12/ , incident 
on the face of a crjscal in a direction making an angle with this face The 
question arises Is there a reflected beam in tlie direction CD, as there is if v/C 
represents a beam of light and the crjstal face is replaced bj a mirror> 
According to Bragg’s ideas, which experiment soon venfietf manj times over, 
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a cleavage plane of a costal with its verj regular arrangement of atoms, acts 
as a mirror for x-rays, nature providing the smooth surface necessary to reflect 
regularly waves as short as those of x-rajs The reflection of x-rays from a 
crystal, however, differs in one important respect from optical reflection at a 
mirror Since x-rays penetrate matter, there is a senes of reflections from 
successive parallel planes of atoms The beam CD, therefore, m reality 
consists of a number of supenmposed beams, each reflected from a different 
plane of the crystal 

Now let us enlarge the scale of our diagram sufficiently to show successne 
layers, as we have done m Fig 128, for four layers Then, remembering that 
the planes are separated dis- 
tances not much greater than 
10~* cm , we see that even a 
narrow beam like AC when 
enlarged on the same scale, will, 
in Fig 128, be represented by 
seteral lines such as 1, 2, 3, 
4, with corresponding reflected 
rays F, 2', 3', V Moreover, 
It is not difficult to see that the 
path of the disturbance along 
1 V IS shorter than that along 22', 22' shorter than 33', and so on For dis- 
turbances 11' and 22' this path difference is equal to -|- BC as shown m 
Fig 128 With a little simple trigonometry, this can readily be shown to be 
equal to 2d sm where d is the distance between successive layers, and 6 is 
the angle which the beam of rays makes with the face of the crystal For 
any successive pairs of disturbances, the path difi erente will be the same 

We see then, that the beam CD of Fig 127, really consists of a superposi- 
tion of a number of beams, with a path difference between every successive 
pair equal to 2d sm S Just as vvith a diffraction grating and ordinary light 
(see section 93), it follows that all the component beams will unite to form a 
resultant intense beam only if this path difference is equal to one, or two, or 
three or more wave lengths This means that sx/hen a beam of homogeneous 
x-rays ts incident on the face of a crystal, there is a reflected beam of marked 
intensity only for very sfectal angles of incidence If the incident beam 
contains a number of different wave lengths, then, for any given angle of 
incidence, there is an intense reflected beam only if there ts a component whose 
wave length A ts such that \ = 2d sin B, or 2A = 2d sin 6, etc Analy sis of a 
beam is possible, therefore, because each component is reflected in a direction 
different from any of the others By rotation of a crystal to vary the angle 
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of incidence, it n then possible to spread out a beam « f a ra|s »ito first, second, 
third order spectn, just is in the case of the diffraction grating Frequently 
we ire concerned only with the first order, and in this book we shall confine 
our attention to that order ’ 

115 X-Ray Spectrometer — A common arrangement for applying 
the above principle to the analjsrs of a beam of x rap is shown in Fig 129 
A narrow hcim of A-rajs, after passing through the s! ts S, and Sj cut m thick 
blocks of lead, is incident on the face of a crystal C set on the table of the 
spectrometer By means of a scale rotations of the crystal through small 
angles mij be measured accurately A third sht ^3 is so placed that any 
reflected beam which exsts may enter an ionization chamber I placed im 
mediately behind it This slit must of course be placed so that the line OS 3 
mikes the same ingle with the face of the crystal as the me dent beam S nee 
for each position of the crystal there is only a sngh co"cct position of the 
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with lonizat cm chamber 


silt Sj and the ionization chamber, these are mounted on an arm by means of 
which they may be rotated about the central axis through O 

In actual use, the incident beam of rays to be analyzed is allowed to strike 
the face of the crystal at a numbei of different angles For each angle, si t Ss 
and the ionization chamber are set m the correct posit on and the ionization 
current if any, measured A graph is then made showing the way in wh ch 
the ionization current vanes with the angle of incidence Alongside the 
axis on wh ch the angles of incidence are plotted a wave length scale may be 
marked by using the fundamental relation A = Sn provided that a 
ciystal with known d is used Examples of such gnphs arc given in Fig 
131 and Fig 132 These will be d scussed presently 

116 X-Ray Spectrograph — The ionization chamber may be replaced 
by a photograph c plate and a permanent record obtained of the x ray spectrum 
By way of illustration, reference is made to the Spectrograph, an instru- 

ment, especially designed for rad olocsts, which is small and compact and does 
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a cleavage plane of a crystal with its very regular arrangement of atoms, acts 
as a mirror for x-rays, nature providing the smooth surface necessary to reflect 
regularly waves as short as those of x-rajs T he reflection of x-rajs from a 
crystal, however, differs in one important respect from optical reflection at a 
mirror Since x rays penetrate matter, there is a senes of reflections from 
successive parallel planes of atoms I he beam CD, therefore, in reality 
consists of a number of superimposed beams, each reflected from a different 


plane of the crystal 

Now let us enlarge the scale of our diagram sufficiently to show successive 
layers, as we have done in Fig 128, for four layers Then, remembering that 
the planes are separated dis- 



tances not much greater than 
10 ” cm , we see that even a 
narrow beam like AC when 
enlarged on the same scale, will, 
in Fig 128, be represented by 
several lines such as 1, 2, 3, 
4, with corresponding reflected 


Fig 128 Reflection of x rays from successive par ^^1 S 1 , 2 , 3 , 4 Moreover, 
atlel planes of atoms in a crystal ]t is not difficult to see that the 


path of the disturbance along 
I V IS shorter than that along 22', 22' shorter than 33', and so on For dis- 
turbances 11' and 22' this path difference is equal to AB + BC as shown in 
Fig 128 With a little simple trigonometry, this can readily be shown to be 
equal to 2d 6, where d is the d stance between successive layers, and 0 is 
the angle which the beam of rays makes with the face of the crystal For 
any successive pairs of disturbances, the path d fference will be the same 

We see then, that the beam CD of Fig 127, really consists of a superposi 
tion of a number of beams with a path difference between every successive 
pair equal to 2d sm 6 Just as with a diffraction grating and ordinary light 
(see section 93), it follows that all the component beams will unite to form a 
resultant intense beam only if this path difference is equal to one, or two, or 
three or more wave lengths T/m meem that when a beam of homogeneous 
X rays is incident on the face of a crystal, there ts a reflected beam of marked 
intensity only for very special angles of incidence If the incident beam 
contains a number of different wave lengths, then, for any given angle of 
incidence, there is an intense reflected beam only if there is a component whose 
wave length A „ such that ^ 2d B or 2K = 2d 0, etc Analysis of a 
beam is possble, therefore, because each component is reflected in a direction 
different from any of the others Kj rotation of a crystal to vary the angle 
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of incidence, it is then possible to spread out a beam of x-rajs into first, second, 
third order spectra, just is m the case of the diffraction gratins Frequently 
we are concerned only with the first order, and m this book we shall confine 
our attention to that order. ' 

115, X-Ray Spectrometer — A common arrangement for applying 
the above principle to the analjsis of a beam of x rajs is shown m Fig 129 
A narrow beam of x-rajs, after passing through the slits 5, and S, cut in thick 
Hocks of lead, is incident on the face of a crjstal C set on the table of the 
spectrometer Bj means of a scale rotations of the ciystal through small 
angles maj be measured accurately A third sht Sj is So placed that any 
reflected beam which exists may enter an ionization chamber 1 placed im- 
mediately behind it This sht must of course be placed so that the line OS^ 
makes the same angle witJi the face of the crystal as the incident beam Since 
for each position of the crjstal there is only a single co'-ect position of the 



Fig 129 Diagram showing the essential of an x ray spectrometer 
Miih lonizaticin chamber 

sht and the ionization chamber, these are mounted on an arm by means of 
which they may be rotated about the central axis through O 

In actual use, the incident beam of rajs to be analj'zed is allowed to strike 
the face of the erj stal at a number of different angles For each angle, sht S 3 
and the ionization chamber are set m the correct position and the ionization 
current, if anj, measured A graph is then made showing the way in which 
the ionization current vanes with the angle of incidence Alongside the 
axis on which the angles of incidence are plotted a wase length scale maj be 
marked by using the fundamental relation \ ~ 2 ti sin provided that t 
crystal with known d is used Examples of such graphs are given m Fig 
131 and Fig 132 These will be discussed presentlj 

116 X-Ray Spectrograph — The lomntion chamber maj be replaced 
by a photographic plate and a permanent record obtained of the x-nj spectrum 
By way of illustration, reference is mide to the Sermon Spectrograph, an instru- 
ment, especiallj designed for radiologists, which is small and compact and does 
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not require as much experimental skill as the above spectrometer. The beam 
to be analyzed enters the instrument through a narrow slit Si, Fig. 130, is 
incident on the face of a crjstal immediately behind which a second narrow slit 
5j allows any reflected beam which may be present to emerge and strike a 
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photographic plate in position /iB By means of a clock-work mechanism the 
portion of the instrument holding the cr)stal and the plate is kept in a regular 
oscillatory motion about the second slit as axis In this way the original beam 
strikes the cr)Stal behind 5-. at a 
senes of different angles and regu- 
lar reflection of each component 
takes place in the waj we have 
alreadj described Wave lengths 
ma} be calculated b) the use of 
2d sin 6, but actually the manufac- 
turer of this instrument provides 
a scale by means of which wave 
lengths may be read off directly 
from the photographic plate 

117 Shortest Wave 
Length — The graph of Figs 
131 and 132, made from observa- 
tions by the late Dr Duane, a 
prominent x-ray worker at Har- 
vard University, are typical of 



Fio 131 Graphs showing the analysis of a gen 
eral beam ofx rays by a spectrometer /i, with 
out filter, B, with filter 


results obtained with the ionization 
chamber The graphs show clearly 


two things (I) there is always a 


, . , range of wave lengths in the beam 

IT' 1 ‘ t- 

en^ w 1 C ra lation egins Experiment shows that this shortest wave 
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length depends solel) on the maximion \oltagc across the tube, and that these 
two quantities are connected by the following simple relation 

shortest wave length (in angstroms) = 1^345 

maximum voltage 

For example, with 80,000 volts as peak value, the shortest wave length is 
about 0 15 angstrom With 250,000 volts, the shortest is 0 049 angstrom 
Although the shortest wave length is not the most intense (note again the 
graphs of Fig 131), a knowledge of its value gives some indication of the 
quality of the beam 

If the shortest wave length can be read off a scale provided with such an 
instrument as the Seeman Spectrograph, the ibove relation provides us with 
an accurate method of measunng tube voltage (See again, section 28 ) 



118 General and Characteristic Radiations — An eximination of 
Fig 131 and Fig 132 will show that the graphs differ in one important 
respect In each of those m Fig 131, the radiation covers a continuous 
range, beginning at the critical minimum wave lenctli, then rapiillj mcreasinj; 
to a region of misimum intcnsitj, bejond which the intensitj gradual!) 
decreases until the radiation ceases In cacli of the graphs of 1 1 * I32, there 

♦ Ahheugh the nuuUr llJ+t is a ImU m error, more arcurateV "nuen 

124 X to*, the error m usns the eis Iv remetnlx'fr 1 l:34J is less thin one per Cent, 
an aeeuraej nswallv nv te irot in ra 1 nl ijj 
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IS an additional feature because isolated peaks of marked intensity occur at 
certain critical wave lengths 

The same two types of x-ray radiation are shown photographically m 
Fig 133, in which each spectrogram corresponds to a different tube voltage 
These photographs show clearly (a) the continuous radiation, beginning at 
a critical wave length, whose 
magnitude vanes with the appl ed 
voltage, and {b) the superposi- 
tion, in all but the number 10, of 
isolated wave lengths 

The difference between the 
two kinds of x ray spectra has an 
exact optical analogy If the 
light from a white hot carbon of 
an arc lamp is examined with a 
spectroscope one observes a con 
tinuous spectrum with all colors 
rang ng from red to violet If 
the carbon arc is fed with a small 
quantity of a salt, barium for 
example one sees superimposed 
on the continuous spectrum iso 
lated narrow spectral lines An} 
wh te hot object will give a con 
t nuous spectrum but the number 
and the position of the isolated 
spectrum lines depends on the 
material put into the arc 

In the same way, an x ray 
tube with any metal as target, 
and operated on any voltage 
emits a continuous range of wave 
lengths whereas the values of 
the isolated wave lengths which 



* I'liii ; H 


'ir! 1 

V !1 

1 ,1 ii: • 

J * 

lit .SO; 

L j 

Ihl 1 

[L_] 

\ ^ 4 

hi 

[iL. 


V ‘ sJ 


length 1 m ts 
charactenstic ravi 
lengths increase fn 


different voltages 
In this figt 
right to leb 


as well as 
(Ross ) 


""" 

radnh th' Continuous range is called the general or ivhtie or mdefendent 
radiation, the isolated wave lengths, the characteruUc radiation 

ra\s Ae Radiation The total mtens ty of the beam of continuous 

rajs depends on the following factors 
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(a) 7V;r Currntt through th. Tube — Ooubic the current, and the 
intensitj is doubled, or, more jcneral]>, flie mtensHy t$ directly proportional 
to the current 

(b) The Tube Voltage — The intcnsit) increnscs as the voltage across the 
tube tncreiscs According to the tcork of Nicolas, the exact law is intensity 
vanes ns (voltage)*^*. 

(c) The J ionite Number of the Metal Used as a Target — The higher 
the -1100110 number, the more intense is the beam 

120. Characteristic Kays — Characteristic rajs do not appear at all 
unless the tube solnge js sufficiently high That is the reasosi none appear sn 
the graphs of big 131, nor m spectrum 10 of Fig 133 With tungsten as 
target, potcntnls in the nnce 80,000 to 100,000 arc necessarj, md with 
unniiim, clnractcnstic nj-s are not emitted until nearly 115,000 volts are 
applied to the tube The netessarj soltage is proportional to the square of 
the atomic number Thus, platinum, of atomic number 78, requires a voltage 
which IS higher than that for tungsten, atomic number 74, by the factor 
78 X 78 
74 X 74' 

It IS well to note that, the higher the atomic number, the shorter the wave 
length of corresponding* rajs This point is illustrated by the numbers 
given in Table XIX 


Table X1\ — correspondwo wave iekgtms or four elements 



Copper 

Silver 

Tungsten 

Uranium 

avc Lcftgth 

1 54 

56 

21 

IS 

Atomic fsumfecr 

29 1 

47 1 

74 

92 


121. Wave Length and Penetration — Wave length measurements 
show that in radiology tlie range extends from about I 0 to possibly 0 05 
angstrom Bj means of the spectrometer a beam may be separated into its 
consatuent wave lengths and the absorption of each examined separately 
The results of such investigations show that in general t the shorter the wave 
length, the more penetrating the beam For example, using the numbers 
given in first and fourth columns of Table XX, we note that for A ~ 0 064, 
the H V L in aluminum is 19 7 mm , for A = 0 13, 13 7 mm , and for 
A = 0 26, 6 35 mm For the same three wave lengths, the HVL in 
copper are 3 9 mm , 1 36 mm , and 0 24 mm 

♦ In sect on 124, the meaning of corresjiontl ng ssave lengths is explained 
f See, however, section 1J4 
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The numbers in Table XIX show that if feeblj penetrating (very soft) 
characteristic rays are wanted targets made of metals of low atomic number 
should be used 


Table XX — half value layers for a few wave lengths 
Aluminum 



122 K, L> and M Rays — An analysis of all the characteristic wave 
lengths emitted by a single element shows that they maj be divided into 
groups Table XXI, for example, gives the wave lengths in angstroms of 
three groups emitted by the element tungsten 

In accordance with certain theorei cal ideas to be explained presently, the 
three groups are des gnated K., L, and M A glance at the table will show 
that the wave lengths in the L and M groups are so long that ordinarily they 
are not used in radiology Some of them are so soft that they are completely 
absorbed by the glass walls of a tube 

Individual lines m any group such as the K are often designated by Greek 
letters For example, the most intense wave length m the K group of 
tungsten, 0 208 angstrom, is called the K«i line, 0 213 is the Kaa Ime, 0 184, 
0 179 the Kp'>, and so on 


123 Interpretation of K, L, and M Wave Lengths — In order to 
give m explanation of the origin of characteristic wave lengths and their 
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arrangement m }.roij|v., it ts nrces^irj 1 1 ini] 1 f> ^micwint the petnre of in 
atom ^nen m tcttmi 16 It there jv ntu! out tl it in ntnm of ib m c 
nutnher / cntcu’iti of i niicicus Mith i fx>^ tiu tlnrt.c < t / electronic im ts 
stirrnundetl h> / electrons he stu Icnt's t^orh in clKini trj will have imdc 
hm famitnr with outer vilenc) electrons one ir more of whch may be 
detached from the p.ireni it< m, Iciviru t pwtive i ii In the sodium 
farndv, for example, i s lule vilcnc) clcctn n is the d tincuishm^ mark 
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the energy of the ntoniic sjstem If now the electron subsequently returns 
to Its normal position, or part way to it, radiant energy is emitted in an amount 
equal to the loss arising from the return of the electron 

To explain the limited number of isolated characteristic wave lengths m the 
spectrum, Bohr assumed (1) that the valency electron could occupy only 
csttain. (Ufiiute orkts, and (Z) that tor each transtUon from an outer to an 
inner orbit, a corresponding wave length is emitted In Fig 134, for 
example, if the inner circle represents the normal stable orbit of the electron 
in the hydrogen atom, and the dotted circles the possible outer or virtual 
orbits, the lines with the arrow heads represent some of the possible transitions 
which give rise to corresponding emitted wave lengths All this can be put 
m mathematical language and the results tested numerically, but in this book 
we shall consider only the quantitative aspect which connects wave length 
with the energy change 

For each electron transition or jump, a quantmn or packet of radiant energy 
IS emitted The magnitude of a quantum is /o', where A is a definite quantity 
called Planck’s constant in honor of the physicist who first introduced the 
conception of quanta, and v js the frequency of the emitted radiation Since 

frequency — velocity ^ ^ ^ where c is the velocity of all electro- 

wave length X 

magnetic waves, we may write 

A*' — y — energy change resulting from the electron jump, or 

1 _ energy change 
X he 

It follows that the greater the energy change, the shorter the wave length 
emitted Referring again to Fig 1 34, we see that when an electron falls frojn 

orbit Dto A the wave length emitted is shorter than for the fall C to A , 3. fall 
from D to S gives rise to a shorter wave length than from C to B, and so oO 
The student should avoid giving too great a reality to this picture of an atom 
by thinking of these orbits as similar to circular grooves in which marbles run 
around a center The orbital picture is extremely useful, especially to minds 
which find it necessary to visualize processes, but it must not be pushed too far 
The pioneer work of Bohr has led to an interpretation of the origin of spectra 
which IS more mathematical and much more difficult to visualize than the 
original work But the basic relation connecting wave length with energy 
change remains of fundamental importance, and if the student will think of ati 
orbit as a particular energy level, he will not go wrong 
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In examining optical spectra, it is found that members of the same chemical 
familj have features in common, and that an abrupt change takes place svhen 
we pass from one family in the penodic table to the next In x-ray spectra 
however, there is no such periodic change We have already made reference 
to one example of this, when in section 120, it was pointed out that as the 
atomic number of an element gets larger and larger, the wa\c len-^ths of 
corresponding x-rijs steadil) become shorter and shorter The same wjint a 
lUustrated b> the fact that the K„i wave length of all elements is represented 
to a fair degree of accuracy by the relation 

_ 1170 

(Z-1)*' 

where Z is the atomic number of an element 
This dependence of wave length on atomic num- 
ber, a relation first re\ealed by the pioneer work 
of Mosel}, suggests that the emission of charac- 
teristic x-ra)S IS related, not to outer valenc} elec- 
trons, but to electrons which in heavy elements are 
very much nearer the nucleus 

To form some sort of picture of the origin of 
characteristic x-rajs, we must examine a little inner orbit, energy is radi 
more carefull) the structure of atoms, particularly 

those of elements containing man) electrons A large number of experimental 
facts have led physicists to the view that the electrons are arranged around the 
nucleus at increasing distances, in groups or shells, as they are sometimes 
called, designated by the letters K, L, M, N, O, , or by the numbers 
1, 2, 3, 4, 5, . . . Moreover, there is much evidence that the inner or K 
shell has 2 electrons, the L, 8 (subdivided into subshells), the M, 18 (sub- 
divided into subshells), the N, 32, and so on If, now, an atom js ionized 
by the removal of an electron from the innermost or K shell, much more 
work is necessary than that required to remove an electron from the L ring 
This should be clear if it is realized that the electron m the K ring, being 
nearest the nucleus, is much more strongly attracted than when farther away, 
as m an L, or M, or N ring Moreover, the repulsive forces arising from the 
surrounding electrons also make it more difficult to remove an electron from 
the K than from any of the outer shells 

In order to put an atom m the state where the emission of all of its char- 
acteristic x-rajs IS possible, first of all the atom must be ionized by the removal 
of an electron from the K shell This may be done by electronic bombard- 
ment of a target, or, as we shall sec in the next chapter, by absorption of a beam 
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of X rays of suitable wave length When an electron has been so removed, its 
place subsequently is filled by another electron coming in or “ dropping ” m 
from one of the surrounding shells If the drop is from the L shell, there is 
a certain energy gam and a characteristic raj of a definite wave length is 
emitted If the drop is from the M shell to the K shell, the energy gam is 
greater, and a shorter wave length is emitted For a drop from the N shell to 
the K shell, the emitted wave length is still shorter The K group of wave 
lengths, then, corresponds to electron drops or 
transitions from various outer shells or energy 
levels into the K level In Fig 135,1,2 and 3 
represent three wave lengths in this group 
If an electron has dropped from the L to the 
K level, the vacancy thus created in the L shell 
must be filled, and hence we have an L group 
of wave lengths corresponding to transitions 
from outer levels to the L level In Fig 135, 
4 and 5 represent two such wave lengths Be- 
cause of the smaller change in cnergj involved 
in transit ons which end on the L level instead of 
the K., the corresponding wave lengths are 
longer (See again Table XXI ) 

In the same manner we may have an N 
group of still longer wave lengths corresponding 
to transitions of an electron from outer shells or levels to the N level 

In Table XXI, it will be noted, especially for the M group, that more 
wave lengths are listed than might be expected from the above explanation 
This is due to the fact that the electrons in any one shell or level, such as the 
, are arranged m subshells, and that, in consequence, the energy change 
when an electron goes from one subshell to the M level, to the K level, is 
shghtl} different from the change corresponding to a transtion from another 
subshell of the M level to the K level 
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Tic 135 Schematic diagram to 
depict the emission of K x ray- 
wave lengths by electron transi 
t ons to the K shell and of L 
wave lengths by transitions to 
the L shell 


124 Meaning of Corresponding Wave Lengths ~ In section 120 
reference was made to the fact that the greater the atomic number of an 
length of a corresponding raj (See again 
' ' J corresponding rajs we mean those which arise from the 

e ransition in cnergj levels Thus, for all elements, the wave lengths 
^ ‘he K, or more exactlj 

real ^ corresponding The 

> c wave engths of such rajs get shorter as the atomic number 7 
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.cts hrgcr, should nou be evident The greater 7 tlit greatei tJ c positive 
charge on the nucleus, hence the greater the attraction of the ni cleus for i 
K electron, hence the greater the work tvh/ch must be done to remove a K. 
electron out of its shell When an electron returns to the K shell, there is 
therefore, a greater loss in energy, and a shorter wave length is em tted 

125 Effective Wave Length — In the above sect ons we have ex 
plained how a beam of \ ra 3 S may be analyzed into its constituent wave 
lengths Although Such an analjsis is the ideal waj of descnbng the quality 
of a beam, the practical radiologist can scarcely be expected to examine quality 
m this \va) He can, however, make use of wave length meas irements 
obtained by other workers under laboratorj cond tnns and by means of them 
record what is called the e§tcUve 'ivnvf length of the beam he is util zing 
The meaning of effective wave length may be defined m several ways 

(1) In terms of HVL 

Suppose an operator is provided with a table giving the H V L in copper 
for a senes of monochromatc wave lengths such as we have given in 
Table W If, then, without any analyss into const tuent wave lengths he 
determines the HVL for the beam he is us ng, he can read off from h s 
table the wave length of the monochromatc beam whch has this same 
HVL That Wave length would then he taken as the effective wave length 
of bjs beam 

(2) Through the absorpton of a particular thickness of a Standard substance 

It is a simple matter to determine the percentage reduction in intensity of 
an unanaly'zed beam brought about by, say , ^ mm of copper This requ res 
only two readings with an instrument bke an electroscope, one of the rate of 
fall before the introduction of the layer of copper, the other, after the copper 
IS in place (See Chapter XIII ) If, now, the operator is provided with a 
graph or a table giving the percentage absorpton of i mm of copper for a 
whole range of monochromatic wave lengths, he again can read off the value 
of that part cular wave length wh ch has the same percentage absorption as 
that of the beam he is us ng Th s gives h m h s effective w ave length 

Alternately, from the percentage absorpt on by the copper of the beam under 
exammat on, it is not difficult to calculate the absorption coefficient (See 
section 136 ) Then, from a formula connecting the coefficient with the wave 
length, the value of the monochromatic wave length which has the same coef 
ficient can be calculated This gives the effective wave length 

When ths method is used, care must be exercised to specify the particular 
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thickness of standard absorbing miternl used, because somewhat different 
values of X are obtained for each thickness Tor example, in one investigation 
Dr Edith Quimby, of the Memorial Hospital, New York, showed that with 
a 1/10 mm of copper, 59% of a beam was transmitted, and A was found to be 
0 235 angstrom, with 0 47 mm of copper, 50% was transmitted, and A was 
0 208 angstrom, and with a layer of copper 1 mm thick, the transmission 
was 35%, and A 0 182 angstrom 

The reason for such differences in the value of the effective wave length of 
a mixed beam of x-rays is due to the fact that, in general, longer wise lengths 
are absorbed to a greater degree than shorter ones As already pointed out in 
section 111, a beam containing a mixture of different kinds of rays becomes 
progressively harder, the greater the thickness of the absorbing material 
through which It passes Hence, m methods (2) and (3), the copper used as 
an absorber actually alters the average penetration of the beam which is being 


measured by an amount which is 

7 greater, the greater the thickness It 
follows that the measured effective 
wave length should become shorter and 
shorter, the greater the thickness of the 
absorber It also follows that the 
= ^ thinner the thickness of the copper used 

— as a standard absorber, the more nearly 

5 the measured effective wave length 

I yT represents that of the original beam 

3 ^ (5) Through the ratio of equivalent 

thicknesses of two standard substances 

The graphs of Fig 132 illustrate 

; the important fact that the relattve 

nicKHEss Of rooME absorbing powers of two different sub- 

Fio 136 Standard graph {after Duani) the wave length , 

or determ mng efFective wave length From these graphs for example, we 
.1 . , . _ ^'’te that I mm of copper is a more 

0 141 a T aluminum for wave lengths longer than 

Lt Tfr"’’ “ Exprin^ th« 

T" “ “PP" 

Duane are 1 ^qa'Valent thicknesses of aluminum, as determined by 

can dete^^r » /"ph an openttoV 

can determine the effeettve wave length of a beam still ano'her way All 
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that IS necessary is to determine by actual experiment (I) how much the 
beam is reduced m intensity by 1 mm of copper, and (2) by using increasing 
thicknesses of absorbing layers of aluminum, the particular thickness which 
reduces the intensity of the beam by the same amount as the maiimeter of 
copper Suppose the equivalent thickness of aluminum was 16 mm Then 
from this graph, we read off that, for a monochromatic wave length equal 
to 0 1 7 angstrom, 16 mm of aluminum absorbs to the same extent as I mm 
of copper By this method, then, 0 17 angstrom is the effective wave length 
of the mixed beam 

126 Relation of Focal Spot to Sharpness of Radiographs ~ In 
earlier pages reference has been mide to differences in the size of the focal 
spots on the targets of tubes Before concluding, it is desirable to look at this 
question in the light of our knowledge that x-rap are short ether waves 
Since this is the case, in radiography and fiuoroscop) , the radiologist is dealing 
with shadow pictures, the details of which should be as clearlj defined as 
possible To obtain good detail, sharp shadows are necessaiy and these can 
only be obtained b} having a smill source of rajs, that is, a fairly fine focal 
spot The case is exactly analogous to the shadow patterns of obstacles placed 
in the path of light rajs A small source of light such as P, Fig 62o (an 
uncovered arc lamp, for example), casts a sharp shadow of an object <9 on a 
screen If, however, the Source of light is comparable m size with the object, 
as shown in Fig 62h, the portion of the shadow AB will be completely dark, 
whereas around it will be a region which recedes light from some parts of the 
source, but which is cut off from other parts The shadow is not sharp In 
radfography it is exactly the same, and for good pictures it is necessary to have 
as fine a focus as the energy conditions will allow However, care should be 
exercised that rajs generated from parts of the tube other than the focal spot 
(as sometimes happens, since wherever electrons hit, x-rajs onginate) are not 
allowed to fall on the body to be examined 

On the other hand, in treatment, it is a question solely of the absoqition of 
radiation and there is no need whatever to have a fine focus Indeed, as m 
treatment a tube is generallj operated continuously for some time, it is highlj 
desirable that too fine a focal spot be not used 

PROBLEMS AND QUESTIONS 

I Describe with diag-ram the spectrometer method of meaninng in angstroms the 
constituent wave lengtl s in a beam of x rajs In t cate on what two quantities the 
majrnitude of the calculatecf wave Icnglh depen b 
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thickness of standard absorbing material used, because somewhat dif 
values of A are obtained for each thickness For example, in one mvestij 
Dr Ed th Qmmby, of the Memorial Hospital, New York, showed that 
a I/IO mm of copper, 59% of a beam was transmitted, and A was found 
0 235 angstrom, with 0 47 mm of copper, 50% was transmitted, and A 
0 208 angstrom, and with a layer of copper I mm thick, the transmi 
was 35%, and A 0 182 angstrom 

The reason for such differences in the value of the effective wave lengt 
a mixed beam of x rays is due to the fact that, in general, longer wave len^ 
are absorbed to a greater degree than shorter ones As already pointed ou 
section 111, a beam containing a mixture of different kinds of rays becor 
progressively harder, the greater the thickness of the absorbing matei 
through which it pisses Hence, in methods (2) and (3), the copper used 
an absorber actually alters the average penetration of the beam which is beii 



measured by an amount which 
greater, the greater the thickness 
follows that the measured effectn 
wave length should become shorter an 
shorter, the greater the thickness of th 
absorber. It also follows that th( 
thinner the thickness of the copper used 
as a standard absorber, the more nearly 
the measured effective wave length 
represents that of the original beam 

(3) Through the ratio of equivalent 
th ckn esses of two standard substances 

The graphs of Fig 132 illustrate 
the important fact that the relative 
absorbing powers of two different sub- 
stances vary with the wave length 
F rom these graphs, for example, we 


u 1 ... ^ of copper IS a more 

0 141 a ^ aluminum for wave lengths longer than 

fact in effective for shorter wave lengths Expressing this 

absorbs boa particular thickness of aluminum which 

wave len^rtb”' extent as 1 mm of copper vanes with the 

Duane are 1 equiva ent thicknesses of aluminum, as determined by 

canet’crmine: a graph an operator 

can determine the effective wave length of a beam m still anoLr way All 
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that IS necessary is to determine b) actual experiment (I) how much the 
beam IS reduced m intensity by 1 mm of copper, and (2) by using mcreasmir 
thicknesses of absorbing la)ers of alum num, the particular thickness which 
reduces the intensity of the beam by the same amount as the milhmettr of 

copper Suppose the equivalent thckness of aluminum was 16 mm Then 

from this graph, we read off that for a monochromatic wave length equal 
to 0 17 angstrom, 16 mm of aluminum absorbs to the same extent as 1 mm 
of copper By this method, then, 0 1 7 angstrom is the effective wave length 
of the mixed beam 


126 Rdatioti of Focal Spot to Sharpness of Radiographs -In 
earlier pages reference has been made te differences in .he nee o! .he f«a 
spots on it rargers of tubes Before conclud „g, it ,s des 
nuesrion m the light of our knoa.ledge that a rajs are short e, her waves 
Lee this IS the case, in radiograph, and fluoroscop, , the 
with shadow pictures, the details of which should he as 
possible To obtain good detail, sharp shadows are necessao^ and .bese ^ 
Ll, be obUined by having a small soorce of ra,s, that » “ wfe pll“ d 
spot The case is eaactl, analogous to .he shado. »' 7' „ 

,n .he parh of light r„s A small source of light soch “ ^ “ y” 

uncovered arc lamp lor example), casts a sharp '’’“f LLte^^^ 
screen If, however, the source c, ligh. XMeVdari: 

a, shown .n F.g 621 the P"“" " ^^ives light from some parts of .hr 
whereas aroTind it will be a region w shidow is not sharp In 

source, but which IS cut off from other pnrts necessary to have 

radiograph} it is exactly the same However, care should be 

as fine a focus as the ^ ^ “Tube other than the focal spot 

exercised that rajs generated onmnate) are not 

(as sometimes happens, since wherever 

allowed to fall on the body to be nuestion solely of the absorption of 

On the other hand, in treatment, 1 \ , fine focus Indeed, as m 

[reatmen^rtube « gencm"” operated continuous!) for some time, it is highl) 
desirable that too fine a focal spot be not used 


problems and questions 


1 Describe with digram 
constituent wave lengths in 
1 ign tu I of the calculate I ’ 
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2 A bciiii of X rajs, consistmR of Imih pcncral and characteristic raji, is analjreti 
with an ionization chamber and a spLCtrometer Indicate the nature of the graph jou 
would obtain If a photographic mcthoil were used, what results would jou obtain’ 

3 Explain why the Sceman spectrograph can be used as a soltmeier 

4 An X ray tube is operated on 130,000 solu Uhat is the shortest ssate length 
emitted’ Ans 0 082 angstrom 

5 If the analjsis of an x ray beam showed the shortest wa\e length to be 0 I angstrom 
unit, what maximum voltage is applied to the tube’ 

6 Why can an x raj spectrometer be used as a high tension voltmeter? An x-raj 
tube IS operated at a constant voltage Draw a rough graph to illustrate the character 
of the rays emitted If tlic voltage is equal to 200,000, what will the shortest wave 
length be’ 

7 What IS meant by the effective wave length of an x-raj beam’ Explain the 
fundamental principle involved m its determination bj means of a Duane standard graph 

8 Show bv a graph the distribution in intcnsiij of x-rajs with wave length when a 
tube IS operated at constant potential Indicate anj differences that jou might expect if 
the operating voltage were changed from saj 50,000 volts to 200,000 volts 

9 In a fe<iv nor//, explain whv, as a rule, L and 'I radiations arc of no importance 
in radiologj 

10 An X raj tube with a tungsten target is operated at P D of (i) 40,000 volts, 
(ii) 100,000 volts In each case the Iscam of x rajs is examined with a spectrometer 
and ionization chamber If ionization is plotted against wave length, draw, verj approx- 
imatelj, the tjpe of curve obtained for each case, marking clearlj the shortest wave 
length observed, and anj outstanding difference between the two curves 

1 1 Radium C emits gamma ravs of wave Kngth 0 06 angstrom U hat voltage would 
be necessary to obtain x ravs of this wave Ungth’ 

12 What is the general effect of a filter on a beam of x rajs’ 

13 A betatron develops electrons possessing 100 inev of cnirgj If the electrons 
are made to strike a target, estimate the shortest wave length of the resulting x rajs 
Ans 0 000 123 angstrom 





CHAPTER XII 

SECONDARY X-RAYS AND ABSORPTION 

127. Secondary X-Rays — In ths chapter we discuss in detail what 
happens when a beam of x-rajs is reduced m intensity b} passage through an 
absorbing layer Suppose we arrange an x-ray tube and an electroscope, as 
,n Fig 137, so that no part of the fnmary beam leaving the target can enter 
the window of the electroscope On operating the tube we find that the leaf 
falls very slowly If, however, a block of wood, R, is placed in the path 
of the pnmary beam, the electroscope is discharged more quickly This 
increased ionization is due to the emission 
by the wood of what are called secondary 
x-rajs The experiment illustrates the im- 
portant pnnciple that, whenever x rays fall 
on matter, there is a re emission in all direc- 
tions, of secondary x rays This fact must 
never be forgotten To stand out of the 
direct path of a beam of x-rays by no means 
insures protection from them, for we may 
be bathed in ray s from objects against which 
the primary beam strikes 

Investigations regard ng the nature of 
secondary x rays show that there are in 

general two kinds (I) tcaitered rays, . . 

which m general consist of two components, 137 Expenmental arrangement 

, 1 .1, thp nme as the w show ex stence of secondary x rays 

one whose wave length is the same as 

primary beam, the other whose wavelength . t - 

Twl, (2) c^„r.cun„^, fuore.c,.t rays wbeh ara cha,ac..„s« of .ha 
„a,aml if .ha rad, a. or bamg m far. ben., cal w,.h .he ch,rac.ens.,c *-,a,s 
em..ted b, the sa.oe ma.er.al when used as .he ...ge of an x-ra, .of. 

. y nerhaps help to make the difference between the 

An red light is passed through a glass 

v'eUontiing water to which a few drops of milk have been added the 
beam is quite visible when viewed from one side of the vesse This is 
because of light scattered by the tiny particles, invisible m themselves, which 
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are m suspension m the water If white light is used, the beam has a bluish 
cast when viewed from one side because the longer red and yellow wave 
lengths are scattered to a lesser degree than the shorter blues and violets As 
we shall see m greater detail later, x-raj scattering arises from the impact of 
the original primarj beam on electrons m the material through which the 
beam is passing These electrons act as scattering centers, causing a re- 
emission of x-rajs, not only at right angles to the original beam, but m all 
directions 

Again if certain substances are placed in the path of the beam from an arc 
light, or m direct sunlight, they are seen to fluoresce with a brilliant and char- 
acteristic color Uranium glass, for example, emits a brilliant greenish light 
in this way, a solution of sulphate of quinine in sulphuric acid shows a 
charactenst c and beautiful blue, and so on for many other substances This 
fluorescent light is characteristic of the substance and is caused by the excita- 
tion of the primary beam of light falling on it Characteristic fluorescent 
x-rays are closely analogous They are charactenstic of the substance and 
result from its stimulation by a primary beam 


128 Scattered Radiation — We note certain details of importance m 
radiology 

(1) Scattered rays are emitted m all directions (even backwards) b} 
t e ra lator, but with a maximum intensitj in the forward direction, that is, in 
he same direction as the primary beam The shorter the wave length the 
greater the intens ty scattered m the forward direction 

( ) For elements of low atomic weight and a fnmary beam of short 
wave length, say not exceeding 0 25 angstrom, scattered radiation is of 
greater importance than charactenstic Since tissue is made up almost entirely 
of the light elements hjdrogen, carbon, oxjgen, and nitrogen, this means that 
hen a beam of short wave length traverses tissue, scattered rays are of very 

flrwr"”" question 

wave 1 fk” first studied, it was considered that their 

rxlcnlem? T' beam Further 

Znir L ^ GrajandA H Compton, 

« those whose T ^ unmodified rajs, that 

primary beam and 

r v,h„L.„. ,h„ 
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The magmtuJe of this change in wave length depends on the direction in 
which the scattered rajs are being observed If <f> is the angle the scattered 
beam under observation makes with the pnmary beam, Compton showed 
that AA, the change in wave length, is given by the relation 

AA — 0 0243 (I — cos fli) angstrom 

Thus, for ~ 90'^, the change is 0 0243 angstrom, for ^ = 100“, the 
change is 0 0486 angstrom Hence, for a pnmary beam of wave length 
0 2 angstrom, the scattered beam observed in a direction at right angles to 
the priinarj, has n wave length 0 2243 angstrom If the primary beam is of 
very short wave length, 0 05 for example, the percentage change m the 
wave length of the scattered rajs is considerable, this wave length being 
changed to 0 0743 at 90“ and 0 0986 at 1 80“ 

The reason for this change m wave length is given m section 132 

129 Characteristic Radiation — (1) As already noted, fluorescent 
characteristic rajs are identical with the characteristic rays previously discussed 
(section 120), the difference between the two being solely in their mode of 
generation Fluorescent rajs result from the stimulus of an exciting primary 
beam of \-rajs, not from the impact of electrons against a target 

(2) To excite fluorescent rajs of the K group the wave length of the 
pnmary beam must be shorter than that of any of the characteristic rays in 
this group Since the shortest wave length emitted bj anj of the first 35 
elements m the periodic table is longer than 1 angstrom, and for elements 
with atomic numbers between 35 and 63 exceeds 0 3 angHrom this condi- 
tion IS generallj fulfilled for beams utilized in radiology, at any rate for all 
elements except those of high atomic weight To excite the K characteristic 
rays of an element like tungsten, however, a primary wave length shorter 
than 0 18 is necessary, for platinum, shorter than 0 16, and for lead, shorter 
than 0 14 angstrom 

In this connect on an important point relating to filtration arises Sup- 
pose a primary beam contains a mixture of hard and of soft rajs and that a 
filter of copper is used to remove the soft components In travers ng the 
copper, the hard pnmary rajs will excite the characteristic rajs of copper and 
hence these wflf emerge Itvm the alter ss well ss a portion of th- ong’vaJ 
hard beam Now charactenstic rays of copper are soft and may give rise 
to the mjunous effect which the filter is put in to prevent A second sub 
stance, aluminum for example, whose characteristic rays are still softer than 
copper, should then be used on the side of the copper remote from the tube 
This substance will then absorb the soft secondary rays of copper, but its own 
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charactenstic ra)s will do no harm because thej are so much longer than those 
of copper that even a short thickness of air absorbs them 

(3) Relative to scattered radiation, charactenstic becomes more important 
/or longer wave lengths In tissue, for example, to quote from Mayneord* 
“ for A. = 0 2 angstrom, the absorption is 90 per cent scatter and 10 per cent 
fluorescent absorption, while at 1 angstrom, some 18 per cent only >s due to 
scatter ” Since the wave lengths utilized in deep therapy are often even 
shorter than 0 2 angstrom, we see again the importance of scattered radiation 
m therapy 

For elements of high atomic weight, especially for longer wave lengths, 
absorption due to the excitation of characteristic rays is of greater importance 
than that due to scattered radiation 

130 Photoelectrons — When the wave length of the primary beam is 
short enough to excite characteristic rays, there is a photoelectnc emission of 
electrons by the radiator These electrons are of very great importance 
because part of the ionization caused by a beam of x-rays is due to them 
What happens is this A quantum of the incident primary radiation (if the 
wave length is short enough) has enough energy to eject an electron from 
the K shell of an atom of the radiator, or, alternately, a somewhat longer 
wave length may remove an electron from the L shell , or a still longer wave 
length, from the N shell In radiology, we are chiefly concerned with the 
removal from the K shell After the removal of the electron, characteristic 
rays are emitted in the way already described in section 123 When the 
incident quantum has more than enough energy to remove the electron, the 
excess energy goes into the kinetic energy of the electron In general, there- 
fore, the ejected photoelectron has sufficient velocity to ionize atoms by 
collision This fact is of very great importance because it is the ionization 
produced m tissue which is responsible for any biological effects caused by 
X rays 

If, however, the primary beam consists of extremely short wave lengths 
with corresponding quanta of high energy which are greatly m excess of 
the amount necessary to remove an electron, the chance of its removal is 
less than for longer wave lengths (See section 135 ) 

131. Seeing Ions — The ionization of a gas traversed by a beam of 
x-ra>s IS very beautifully illustrated m Fig 138, an example of what is some- 
times called a cloud expansion chamber or cloud track photograph As we 

• Mayneord, The Ph) SIC* of X Ray Therap) p 41 (ChurcluU London) 
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shall have other occasions where we wish to visualize the presence of ions, the 
basic pnnaples employed in taking a photograph like this should be understood 
Although we cannot see an ion any more than an electron, it is possible by a 
very beautiful experiment, first performed by C T R Wilson at Cambridge 
University, to make each ion the center of a little drop of water which reveals 
ns presence in unmistakable fashion 

The idea on which the experiment is based is really a very siinple one 
When air is laden With moisture, a fog will form much more readily if dust 
IS present than if the air ,s dust-free It has been said that ,f all the sooty 



, U u 11 » over the city of London could be consumed or 

non IS based on sound ,,„und which drops can 

particles of dust or dirt are pres nuclei lor the formation 

Lm Now Wilson showed that .o«r alto are firmed b> 

of -water drops In the actua expenmen a allowed to 

a„ ng.« ,n ™.s..,r= on .ho ,on, and a 

expand suddenl), and thereby . mvisihle ton, a 

flash of light enables a photograph to be taken 

wtble drop appears . * ,..r.resents a droplet of water and 

In F,g 138, thon, each l.t.U »h,.. „ .r.omg .h. .rroguhr 
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characteristic rays will do no hirm because they arc so much longer than those 
of copper that even a short thickness of air absorbs them 

(3) Relative to scattered radtaiiotiy characteristic becomes more important 
for longer wave lengths In tissue, for example, to quote from Mayncord* 
“ for X = 0 2 angstrom, the absorption is 90 per cent scatter and 10 per cent 
fluorescent absorption, while at 1 angstrom, some 18 per cent only is due to 
scatter” Since the wave lengths utilized in deep therapy are often even 
shorter than 0 2 angstrom, we see again the importance of scattered radiation 
in therapy 

For elements of high atomic weight, especially for longer wave lengths, 
absorpton due to the excitation of charactenstic rays is of greater importance 
than that due to scattered radiation 

130 Photoelectrons — When the wave length of the pnmary beam is 
short enough to excite characteristic rays, there is a photoelectric emission of 
electrons by the radiator These electrons are of lery great importance 
because part of the ionization caused by a beam of x-rays is due to them 
What happens is this A quantum of the incident pnmary radiation (if the 
wave length is short enough) has enough energy to eject an electron from 
the K shell of an atom of the radiator, or, alternately, a somewhat longer 
wave length may remove an electron from the L shell, or a still longer wave 
length, from the N shell In radiology, we are chiefly concerned with the 
removal from the K shell After the removal of the electron, characteristic 
rays arc emitted in the way already descnbed in section 123 When the 
incident quantum has more than enough energy to remote the electron, the 
excess energy goes into the kinetic energy of the electron In general, there 
fore, the ejected photoelectron has sufficient velocity to ionize atoms by 
collision This fact is of very great importance because it is the ionization 
produced in tissue which is responsible for any b ological eflfects caused by 
X rays 

If however, the pnmary beam consists of extremely short wave lengths 
with corresponding quanta of high energy which are greatly in excess of 
the amount necessary to remove an electron, the chance of its removal is 
less than for longer wave lengths (See section 135 ) 

131 Seeing Ions — The ionization of a gas traversed by a beam of 
X rays is very beautifully illustrated in Fig 138, an example of what is some 
t mes called a cloud expansion chamber or cloud track photograph As wc 

• Majneord The Ph)s cs of X Ray Therap), p 41 (Church 11 London ) 
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shall have other occasions where we wish to visualize the presence of ions, the 
basic principles employed in taking a photograph like this should be understood 
Although we cannot see an ion any more than an electron, it ts possible by a 
very beautiful experiment, first performed by C T R Wilson at Cambridge 
Universit) , to make each ion the center of a little drop of water which reveals 
Its presence in unmistakable fashion 

The idea on which the experiment is based is really a ver> smple one 
When air is laden with moisture, a fog will form much more readily if dust 
IS present than if the air is dust free It has been said that if all the sooty 



smoke which pollutes the air over the city of London could be consumed or 
in some wa) presented from leaving chimneys, fogs wou e 
nor more prevalent over that citj than elsewhere in England 1 he sugges- 
tion is based on sound ph)sics, because water condenses rea ’ 

particles of dust or dirt are present to act as nuclei around which drops can 
form Now Wilson showed that .o«r eUo «ct as nude, jor the orwatson 
of .cater drops In the actual experimental arrangement ions are formed b> 
an ionizing agent m moisture-laden, but dust free air, t e air is a ow 
expand and ,ha,=b, b. coolad, ava.er condansn on .he .ona, and a 

fla^h of l,gh. enable, a photograph to be taken For each ■tto.t.He .on. . 

“trt uT^l^n, each httle .h.te do. tepte,en» a dtop.et of w^nd 
hence an ion ’ The student should have no difficulty in tracing the irregular 
path, of ».me of the pho.oelee.ron, ,mc= they mark the,, trad, bj the .on, 

the\ hate formed , . • 

Another method of te.eahns the o' P"'"'' " 

in section 168 
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132 Recoil Electrons and Scattenng. — To obtnin chnractenstic ra}s 
a photoelectron must be ejected from the atom Scattered n}S, on the other 
hand, arise from the impact of the primarj beam against an electron which is 
comparative!} free, that is, an electron not strongly held b} the attraction of 
the nucleus of an atom To explain the change m wave length which takes 
place on scattenng, it is necessar) to thing of x-ra}s as hating a corpuscular 
as well as a wave nature Phenomena of interference have given ample 
evidence that ordmar} light, x-ra}s, — in fact, all electromagnetic radiations, 
— have a wave nature On the other hand, it is often necessar) to interpret 
facts by thinking of radiation as concentrated in little bundles called fhotons, 
each photon possessing the quantum of energ}, which we have seen in section 
123, IS equal to Planck's constant h multiplied b) v, the frequcnc) 

Now Compton showed that the observed change in wave length when a 
pnmary beam is scattered can be rcadil) explained if we treat the impact of 
a photon against the scattering electron m much the same wa) as the collision 
of two particles By appljing the ordinary laws of conservation of energ) 
and of momentum, he showed that if a photon with energ) equal to /iv strikes 
an electron (see Fig 139), the photon 



Fig 139 An incident photon on stnk 
ing a free electron is scattered in d rec 
tion ^ as a photon of longer wave 
length and the electron goes off in 
d rcction 0 


goes off in direction <f) as scattered radia 
tion with energy hv', where / is less 
than V, while, at the same time, the 
electron goes off in direction with 
initial energ) equal to the difference 
between hv and hv' This electron, 
usually called a recoil electron, ma) 
cause some ionization, although some- 
times much less than that of a photo 
electron In some cloud-track photo- 
graphs the ionizing paths due to recoil 


electrons may readily be observed 

When a large number of scattering collisions take place, there are man) 
different values of <^, with corresponding values of 0 

As shorter and shorter wave lengths are used, recoil electrons have more 
and more energy Since, as we have noted m section 129, extremely short 
wave lengths cause comparatively little emission of photoelectrons (especially 
m materials of low atomic weight), it follows that for such wave lengths, the 
ionization in a medium like tissue is almost entirely due to recoil electrons 
Stated otherwise, the ionization in tissue caused by x rays generated by poten 
tial differences exceeding, say, 200,000 volts, is more and more due to 
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recoil than to photoelectrons, as the voltages get higher and higher At 
potentials of the order of a few million volts, the phenomenon of pair produc- 
tion becomes important This is discussed in section 206 

133. Nature of Absorption. — We are now m a position to exam- 
ine a little more carefully the reason why an incident beam of x rajs is 
reduced in intensity when passing through an absorbing laj er This reduction 
in intensit) is due to one or more of the following causes 

(1) A :rue absorption, when some of the energj of the incident beam is 
expended m the production of photo electrons For each photoelectron 
liberated, one photon disappears, its quantum of energy being expended in 
removing the electron 

(2) An apparent absorption due to scattering It is necessary to dis- 
tinguish two tjpes of scattering (a) without emission of recoil electrons, 
(b) With associated emissjon of recoil ehetrons 

In case (a) the photons undergoing scattering are diverted out of their 
onginal paths uuf/j no lost of energy, and consequent!) with no change in 
waie length The intensity of the ongina] beam is reduced, therefore, not 
because any of the onginal energj is truly absorbed, but because most of the 
scattered photons are deflected out of the path of the primary beam 

In case (b), a photon which is scattered gnes up part of its quantum of 
energy to a recoil electron and consequently is diverted out of the onginal 
path as a photon of less energy, or of longer wave length Hence the portion 
of the energy of the original photon which is communicated to the electron 
IS truly absorbed 

(3) Pair Production This phenomenon, which can occur only when 
the energy of an incident photon exceeds I 02 Mev, is discussed in section 
206 and for the present need not concern us 

When absorption is dealt 'VMth quantitatively by the use of coefficients 
(see section 136), frequently a separate coefficient is used for each process 
Thus, the symbol t is used as tlie photoelectric coefficient, <r, the scattering 
coefficient, subdivided into cr* for true scattering, <ra for absorption due to 
recoil electrons 

As will be evident from the preceding sections in this chapter, the relative 
importance of the vanous processes, and hence the numerical values of the 
coefficients, depend both on the nature of the absorbing material and the wave 
length of the primary beam of x-rajs For elements of low atomic weight, 
which are of special importance to the radiologist, and for short wave lengths 
or hard x rays, such as are developed by voltages exceeding say 200,000 volts, 



172 


SECONDARY \-KAlS AND ABSORiniON 


photoelectric absorption is small or negligible I nr long wave lengths or soft 
rays, generated by potential aifferences of 50,000 volts or less, photoelectric 
absorption is the more important for light elements 


Table XXII 


: : : 1 

1 Photons 1 

1 Electrons 

Element 

\ 1 

incident 

1 emergent | 

scattered 

photo 
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Carbon 

’01 

2000 

1936 

63 

I 

63 


07 

2000 

1740 ! 

80 

180 

50 

Alum Hum 

0 t 

2000 
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74 

9 

74 


07 ' 

2000 1 

491 1 
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1404 

40 

Copper 

0 1 

2000 ' 

1498 

296 

206 

290 

1 

07 

2000 1 

0 1 

4^ 

1545 

J5 


• The numbers in thi4 colunui espec ally those rclat ng to X a* 0 7 are very rough approi motions es* 
t mated from data given on pp }22 B^t^d 2]4 X Bay» m Theory and ExpenmenS Cco>ptfyo^nd jWliBonu 
D Van Nostrand Company 1935 


The numbers given in Table XXH will gi\c some idea of the relative 
importance of the vanous processes in the elements carbon, aluminum, and 
copper for the two wave lengths 0 1 ingstrom and 0 7 angstrom In 
obtaining these numbers a beam of x ra>s containing 2000 photons JS assumed 
to be incident on 1 sq cm of a piece of absorbing material 1 mm thick 
(actually the number of photons would be much greater than this) and, bj 
the use of absorpt on coefficients a calculation is made of the number of 
photons emerging in the transmitted primary beam the number deflected out 
of the beam by scattering, and the number absorbed m the production of 
photoelectrons What is of importance is not the actual values of the vanous 
numbers but their relative values 

It should not be forgotten that a scattered photon may be re-scattered, 
with progressive lengthening of wave length, if recoil electrons are generated 
at each scattering that in some cases a scattered photon of lengthened wave 
length may be completely absorbed liberating a photoelectron, that the 
photons associated with cbaractenstic rays may also undergo scattering, the 
whole process especially ,n a large mass of tissue, being far from simple 


134 Filtration and Critical Absorption Wave Length —Refer- 
ence has frequent!) been made to the use of filters for removing the softer 
components o a earn and it has been stated that, generally speaking, shorter 
wave lengths are more penetrating than longer This statement we must 
now examine a 1 ttle more carefully 
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For a given absorbing substance, it 
IS only partially true to state that the 
longer the wave length, the greater 
the absorption When absorption 
measurements are made over a wide 
range of wave lengths, it is found 
that as the wave length is increased, 
at certain critical wave lengths, the 
absorption suddenly falls from a high 
to a low value As a ^rst illustration 
consider the clement tin and the graph 
of Fig 140, which shows how the 
absorption for a fixed thickness of this 
element changes with changing wave 
length On the honzontal axisof the 
graph, the wave length scale is m 
angstroms but the scale for absorption 
on the other axis gives only relative 
values Startng with wave length 
shorter than 0 1 angstrom we note 
that at first tin is extremely trans- 
parent, but that gradually the ahsorp 
tion increases until the wave length 0 424 is reached At this critical value, 
a sudden drop m the absorption takes place, wave lengths just longer than 
0 424 being transm tted much more 
readily than those just shorter How- 
ever, as the wave length continues to 
increase, the absorption again stead ly 
increases until at approximately 3 
angstroms, there is another sudden 
decrease The qualifying word “ ap- 
proximately ” is used, because actually 
there are three sudden changes, at 
2 77, 2 97 and 3 15 angstroms 
The same general phenomenon 
occurs if tin is replaced by copper, 
except that the first sudden decrease 
in absorption docs not take place until 
the wave length 1 38 angstrom is 
reached In the graph Fig 14] 
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the chin.e m the absorption of copper for wave lengths as long as 0 7 angstrom 
ts plotted Contrast this graph with that of F.g 142, which applies to lead 
Note that for lead, the value of the first critical absorption wave length is U 

angstrom, a wave length right in the 
middle of the region used in deep 
therapy It follows that a filter of 
lead IS very undesirable, because of the 
high absorption of some of the ver) 
wave lengths which the operator 
wishes to use, that is, those just shorter 
than 0 14 angstrom 

In choosing a filter, therefore, care 
must be exercised that there is no crit- 
ical absorption wave length m the 
region in which the wave lengths are 
wanted A glance at the values of 
the shortest (or K) critical absorption 
wave lengths are given m Table 
XXIII, will show that, for the 
ordinar) materials which may con- 
veniently be used as filters, with the 
exception of lead (platinum and tung- 
sten cannot be classed as ordinary 
T- 'V L L L , materials), the critical absorption 

wave length ,s cons.dentbly longer 
than the longest wave lengths usually 
used in radiolog) For all these elements, if we rcstnct ourselves to radiology 
uses, the shorter the wave length, the more penetrating the beam 



135 The Meaning of Critical Absorption Wave Lengths — It 

section 120 we stated that in order to have an emission of charactenstic 
fluorescent rajs, the incident photon must have enough energy to remove an 
electron from the K or the L or the M shells The energy of the photon is 
absorbed and used to do the work of removing the electron We have also 
previouslj pointed out that the quantum of energ) possessed by a photon has 
the magnitude /iv, where k is Planck’s constant and v is the frcqucnc) of 
x-ra) Suppose no\s, we begin our absorbing experiments with an element 
1 kc tin, using first a v, ase length as short as 0 05 angstrom The correspond- 
ing frequenc) is then cxtremelj high (since the shorter the svave length the 
htj.her the frequency), and the quantum of cnerg) possessed by the photon 
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1 $ far more than js necessar) to remoie a K electron This photon is then 
not readily absorbed because we know from experiments dealing with energy 
exchanges of this kind that the probability of an absorption with consequent 
ejection of the electron is greater, the more nearly the energy possessed by 
the photon is equal to the energy needed to remove the electron Now as 
the wave length of the primary beam is gradually increased, or the frequency 
decreased, the energy possessed by the photon becomes less and less until at a 
certain critical wave length, 0 424 for tin, it is exactly equal to the amount 


TaBC-E Will SHOJfTESTOR K CgITKAL ABSOKFTlO/f ItMVE LSKOTH3 
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Atomic Number 

Element 

Critical Wave Lengths 

13 

Aluminum 

7 93 angstrom 

26 


1 74 

28 

Nickel 

148 

29 

Copper 

1 38 

30 

Zinc 

128 

47 

Slver 

0 485 

50 

Tm 

0 424 

74 

Tungsten 

0178 

78 

Platinum 

0 158 

82 

Lead 

0140 


needed to remove the K electron At that stage absorption becomes a maxi- 
mum For all wave lengths longer than this critical value, the photon has 
not enough energj to remove a K electron, and at first there is a marked 
decrease m absorption since the photons in this region have far more than 
enough energy to remove an L electron But once more as the wave length 
increases, the absorption gradually increases again until it reaches a maximum 
at a second critical value, where the energy of the photon is exactly that 
required to remove the L electron Because an electron can be removed from 
c-ich of the L subshells, there are the three critical absorption L values to which 
reference has already been made 

It IS interesting to note that, if we take the K. critical absorption wave 
length, 0 424, and calculate the corresponding voltage by means of the relation 
12354 

maximum vo/tage = ; r 

wave length m angstroms 

the value we obtun, 29 1 Kv , is exactly equal to the voltage which must be 
applied across an x-raj tube with a tin target before the characteristic rajs 
of this element are emitted This agreement is due to the fact that, whether 
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we excite the complete x n) spectrum bj the tmpict o{ electrons against a 
target, or by the absorption of i pnmar) beam, the atom must be ionized by 
the removal of a K electron In the latter case the energy utilized is that of 
the incident photon whch, as we have nlrcad) emphasized, depends on the 
wave length, in the former case, the cnerg) is that acquired b) an electron 
in falling through the potential difference across the tube The two energies 
must be equal and that is the cause of the agreement between the values of 
the voltage calculated by means of the aliovc relation and the expenmcntil 
value found necessary to excite the charactenstic rays Indeed, it is not a 
difficult matter to denve the above relation connecting voltage and wave 
length, if wc equate these two energies 

If the student will refer back, to page 47, he vvill be able to wntc down 
at once that the energy acquired by an electron after falling through V volts 
IS equal to 

rx 16X10 “ergs (1) 

Again, the energy possessed by a photon 


e velocity of w aves 

= h—i since rrequcncy ~ — ; — 

^ vvavc length 


6 56 X X 3 X 10'” 

— e 

A in centimeters 

19 68 X 10-'^ 

X in angstroms X 10 * 

19 68 X 10-* 


X in angstroms 

Equating (1) and (2), we have 

^ X 1 6 X = 


or 


^ (in volts) = 


19 68 X 1(H 
X (in angstroms) 

12300 


( 2 > 


X (in angstroms) 

(Using more accurate values, we obtain 12395) 

— ^ velocity of all electromagnetic waves 

^ p A 1 u cm per $cc 
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136. Absorption Coefficients * — In section 112, Chapter X, it was 
pointed out that when a homogeneous beam is reduced in intensity by passage 
through absorbing layers, equal thicknesses reduce the intensity by the same 
fractional amount, or, alternately, equal thicknesses reduce the loganthm of 
the intensity by equal amounts When absorption is studied quantitatively, 
these ideas are utilized by adopting absorption coeSiaents 

The linear absorption coefficient, represented by p, is, by definition, equal 
to the reduction, per unit thickness, in the logarithm (to the base c) of the 
intensitj Students who have studied loganthms will perhaps recall that the 
natural base, that is, the base which is used tn the calculation of the actual 
numerical values found m log tables, is not 10, the common base, but the 
number e, which is equal to the sum of a senes and to ten decimal places has 
the value 2 7182818284 According to our definition, then, 
log, /a - log./t 

fi = 

where /o is the onginal intensity and I the intensity after the beam has traversed 
a thickness equal to x cm of the absorber 

To be of practical use, that is, in order that log tables may be used, we must 
change over to the base 10 When this is done, the factor 2 30 appears in 
the working formula 

_ 2 30 (logic /o — logio D 


A concrete example will illustrate the use of this relation Suppose we wish 
to find /i, for copper, for the particular wave length which is absorbed in 
accordance with the results given in Table XV, section 1 12 From this 
table we note that the intensity falls from an initial Ia~ 100 units to / = 66 8 
units after the beam has traversed 0 50 mm of copper We have, then, 

2 30 (log 100 -log 66 8) 

005 

230(20000 ~ 1 824S) 

“ OS 


= 8 06^ 

’* Sections 136 to 139 may be omitted m a first course 
t This expression may also be written I = /dr"*" 

Xm can also be found using the exponenual expression 1 In this case 

66 8 •= lOOe^f* “ or = jgQ >= 668 From exponential tables ti can then be found 



178 


SECONDARY X-RAYS AND ABSORPTION 


Again, using a thickness of 1 mm , with /o = 100 and / — 44 7, we obtain 
2 30 (log 100 - log 44 7) 

Ol 


= 8 04 

Or, taking one other example, since, when the thickness of absorber changes 
from 1 OO mm to 1 75 mm , the intensity drops from 44 7 units to 24 5 units, 
2 30 (log 44 7 - log 24 5) 

^ “ 175 - 100 


= 8 01 

The homogeneous beam of rays to which the results of Table XV apply? has, 
therefore, a linear absorption coefficient in copper of 8 0, and by this number 
Its quality may be accurately described 

137 Mass Absorption Coefficient — Of greater importance than 
IS the mass absorftton coefficient Suppose we compare the absorption of a 
homogeneous beam by water m the 1 qu d state with the same substance m the 
vapor state If we keep the cross-section of our beam constant, we find that 
in order to obtain equal absorption b) vapor and by 1 quid, such a thickness of 
vapor must be used that the total mass of water is the same as m the equivalent 
thickness of liquid This suggests that a coefficient more fundamental than p- 
is one in which we deal with the reduction in intensity fer unit mast, for a 
beam of unit cross section 

Now mass = volume X density 

= cross sectional area X length X density 

for a beam of unit cross section, length x cm , and density p grams per c c 
From our definition then we can write 

mass absorption coefficient = ^ 

total mass 

_ 2 30 (tog 7o — log 7) 


X p 
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Tor th« radiation dealt with above, that iv, the beam which has a linear 
absorption coefficient in copper of 8 0, the mass absorption coefficient, or 

- *» ^ Of 0 90, since the density of copper is 8 9 grams per cc 

In standard tables it is nsuallj values of - which are given, for different 
P 

substances and different wave lengths For example, m an appendix to 
f« 1 hfory and Experiment by Compton and Allison (D Van 

Nostrand Co ), tables arc given of the values of-» for all the elements, for 
P 

a wide rnnet of v.-vve lengths A few cxsitiples taken from that book arc 
given in Table AAIV 


Ta»VE Wit — VALIES or ^ rok JILLMIHeM, CA»BO» AND COPPER 


Wive leogiK 

(yr4 

071 

098 

130 

175 

200 

260 

417 

Aluminum 

120 

M3 

156 

186 

228 

270 

402 

I 18 

Carbon 

120 

U6 

Ml 

152 

163 

175 j 

183 

256 

Copper 

i 19S 

232 

J25 

i 57 

1 12 

1 59 j 

3 25 

11 4 


Using these results, we note that the wave length whose absorption was 
dealt wuh m Table W, must have a value between 0 13 and 0 175 angstrom, 

since Its - for copper w 0 90 


Note that for Ii^bt elements such as carbon and aluminum, the values of 

- (1) are less than those of a heavier element such as copper, for correspond- 
P 

Tails VW — ** ro» a few elements for wave length 0 21 angstrom 


Matenal 

M 

P 

Paraffin 

021 

Carbon j 

0176 

Atummum j 

0278 

Copper 

1 62 

Lead | 

507 


ing wive lengths, and (2) increase with increasing wave length much more 
slowl) for light elements than for heavy The first point is further emphasized 
b) the Mines ffiven in Table XXV (taken from Compton and Alison) 
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It follows from the second point that, if we confine ourselves to wave lengths 
within the range given in Table XXIV, copper is a much better matenal for 
a filter than the other two substances, because of the bigger contrast m the 
absorption of short and of long wave lengths 


138 A Numerical Example — Given a coffer flats of thickness 
2 2 mm , find how much it will reduce the intensity of a monochromatic 

beam of X rays of wave length 0 2 angstrom if - for this wave length is 

P 

equal to 1 59 


Since - — 1 59 and p for copper — 8 9 (gms per cc ), 

P 

= 1 59 X 8 9 
= 14 1 

Let Iq = the intensity of the beam incident on the copper plate, 
and / — the emergent intensity 


Then, 




log 7o - log I 

X 


or = 

0 22 

T'u f IT , 14 1 X 0 22 

Therefore, log /q - log 7 = — = 1 35 

or log ^ — 1 35 


Using log tables, we find that 

h 

I 


22, or 7 - 0 0457o, 


that IS, the emergent intensity is only about 4 5 per cent of the incident 
Using exponentials we have the following alternative solution 
_ log 7o - log 7 

P — » can be written 
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or, m this problem, 


From exponential tables, we find, as before, that I = OOtS/o 

139. The Coefficients or and t — As we have explained in section 131 
of this chapter, absorption results from the two processes of scattenng and 
photoelectric emission The coefficient /i, therefore, is frequently separated 
into a scattering coefficient and the true absorption coefficjeiit t, or, if we 
use mass absorption coefficients, wc cm write 



P P P 


In refined measurements tr is separated into the component <t, due to the 
apparent absorption by scattering, and the component a-a due to the true 
absorption by recoil electrons 

For light elements — changes slowlj with increasing wave length, and 

the mean lalue of 0 2 m the deep therapy region gives a fair idea of its 
magnitude 

The value of r on the other hand, increases rapidly both with increase in 
wave length, and with increase m 7, the atomic number of the absorbing 
element, its magnitude being approximately proportional to A*Z* Hence, for 
heavy elements and long wave lengths, values of t run into large numbers 
Even for Ii ’ht elements, if we deal with wave lengths much longer than those 
encountered m deep therapy, the value of t is many times greater than o’ 
On the other hand, for extremely short wave lengths, the scattenng coefficient 
becomes the more important because the small value of X* makes r small 
regardless of the value of 7 

If we deal with a sufficiently large range of wave lengths, because of the 
sudden changes m the absorption at the critical absorption wave length (section 

135), vVB have corresponding sudden changes m both “ and The graphs 

of Figs 140, 141, and 142 were plotted from values of^giien in the tables 
,n Compton and Allison’s book 



180 


SECONDARY X-RAYS AND ABSORPTION 


It follows from the second point that, if we confine ourselves to wave lengths 
withm the range given m Table XXIV, copper is a much better matenal for 
a filter than the other two substances, because of the bigger contrast in the 
absorption of short and of long wave lengths 

138 A Ntimerical Example — Gwen a coffer flaie oj thtckneu 

2 2 mm , find hotv much tt vjill reduce the mtenuty of a monochromatic 

beam of x-rays of wave length 0 2 angstrom, tf — for this wave length ss 

P 

equal to 1 59 

Since ^ = I 59 and p for copper =89 (gms per c c ), 

P 

P = \ 59 X 89 
= 14 1 

Let /o = the intensity of the beam incident on the copper plate, 
and / = the emergent intensit) 

Then, n=230 ‘°‘^-^"~'°g^ 

X 

or I41r=230i^"~'°8-^- 

0 22 

Therefore, log Jo — log J = — 1 35 

or Iogy=135 


Using log tables, ne find that 

^=22, or /= 0045/o, 

that IS, the emergent intensity is only about 4 5 per cent of the incident 
Using exponentials, we have the following alternative solution 
logJoj^jogJ 

P — » can be written 
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or, in this problem, 


_ g-i 10 

From exponential tables, we find, as before, that / = 0045/o 

139 The Coefficients cr and t — As we have explained in section 131 
of this chapter, absorption results from the two processes of scattering and 
photoelectric emission The coefficient therefore, is frequently separated 
into a scattering coefiiaent o- and the true absorption coefficient t, or, if we 
use mass absorption coefficients, we can write 



P P P 


In refined measurernents o' is separated into the component <r, due to the 
apparent absorption bj scattering, and the cornponent o« due to the true 
absorption by recoil electrons 

For light elements - changes slowl} with increasing wave length, and 
P 

the mean value of 0 2 in the deep therapy region gives a fair idea of its 
magnitude 

The value of t on the other hand, increases rapidly both with increase in 
wave length, and with increase in Z, the atomic number of the absorbing 
clement, its magnitude being approximately proportional to A®Z* Hence, for 
heavy elements and long wave lengths, values of r run into large numbers 
Even for light elements, if we deal with wave lengths much longer than those 
encountered in deep thenp}, the value of t is many times greater than o 
On the other hand, for extremely short wave lengths, the scattenng coefficient 
becomes the more important because the small value of A® makes r small 
regardless of the value of Z 

If we deal with a sufficiently large range of wave lengths, because of the 
sudden changes m the absorption at the critical absorption wave length (section 

I35)»wfth3vc correspond ng sudden changesia both. - at«i - The. graphs- 

P P 

of Figs 140, 141, and 142 were plotted from values of ~ given in the tables 

P 

m Compton and Allison’s book 
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140 Scattered Rays and Radiography — The aim of the radiog- 
rapher IS to obtain a shadow picture showing good contrast and definition 
That scattered rajs, in some cases, 
lessen the sharpness of the pic- 

^<■1 ture to such an extent as to make It 

of little use should be evident from 
^ , an inspection of Fig 143 In this 

/ , ' \ illustrations and e represent the 

' ' < \ shadows of three small obstacles, 

, \ and C, on a photographic 

' .1 ' 2 ' plate or film If scattered rajs 

were of no importance and the 
• • « • focal spot at F were fairly small, 

* * * » A * , ’ ‘ * such shadows would ordinarily be 

p ■ p sharp and the plate would show 

“ marked differences in density be- 

Fic 143 Shadows of objects /f B andCarenot tween the regions b, and c and 


Fic 143 Shadows of objects /f B and C a 


sharp because of scattered rays from such , , o u 

sources as 1 2 and 3 tbeu Surround ngs Suppose, how 

ever the objects A, B, and C are 
surrounded by other particles of matter (as indicated by the small dots) which 
scatter x-rays in all directions In that case sharp shadows would only be 
possible when the objects A B, C 
were placed near the plate or film, 
somewhat as illustrated in Fig 144 'V 

If the objects are not near the film, 

sharp shadows will no longer be pos ' 

sible for two reasons In the first 
place the scattered rays from each 

particle such as 1 and 2, Fig 143, \ 

will cast their own shadows and for , i 

each particle the shadow due to this ^ 

cause will occupy a different postion ^ 

Again scattered fa)S from many of ^ * m 

the pirticles can pass under the objects p » - *. 1 p, 

and m this waj affect the photograph c a b c 

plate m the region which the object Fio 144 Shadows of objects B and Care 
sh elds from primarj rajs For these photograph c 

reasons a good nil ograph under such 

condit ons would be impossible Now whenever an operator wishes to make a 
rad ograph of a thick portion of the body he is up aga nst th s difficult) Cer- 
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tun pirts cinnot be brought near the plate and scattering of x rajs makes it 
impossible to obtain good results Can the difficult) be overcome m an) waj ? 

There are two wajs in which the desired improvement in contrast maj he 
obtained, (1) bj diaphragmmg, (2) by the use of the Potter-Bucky Diaphragm 

141 Diaphragms and Sec- 
ondary Rays — Diaphragm- 
ing consists in limning the aper- 
ture of the primary beam by 
means of an opaque filter with 
suitable opening In Fig 145, 
for example, represents a 
diaphragm which hunts the area 
of the beam on tile plate to MN, 
whereas had a diaphragm been 
used of the size indicated by the 
dotted lines, the area would have 
been limited to CD If now it is 
possible to diaphragm sufficiently Fic 145 Effect of diaphragm on the cone of rays 
when radiograplung a thick body, 

considerable improvement in the contrast can be obtained This may best be 
shown by giving some experimental results of Wilsey, of the Eastman Kodak 
Co , who made an extended stud) of the effects of scattered ra)s in radiography 

Wilsey by a simple experimental arrangement was able to compare the 
photographic intens ty of the primary or focal beam with that of the scattered * 
Using an aperture which gave a picture on the plate 20 inches m diameter, and 
a la) er of water 6 inches thick as the scattering matenal, he found the mten 
sity of the scattered radntion to be 4 9 times that of the focal beam By 
diaphragmmg until the picture was 8 inches in diameter scattered radation 
was reduced to 4 times the focal, while if the picture were made 4 inches in 
diameter, the ratio was reduced to 2 In other words, if one could con- 
venientlj use a picture 4 inches in diameter, the effect of scattered rajs is cut 
down considerably, but with a scattering lajer 6 inches thick the effect of 
scattered rajs is still twice that of the direct rajs from the focal spot While 
some improvement, therefore, is obtained by cutting down the aperture of the 
beam, the method is limited m its application and at best not verj efficient 

142 The Potter-Bucky Diaphragm — In the Potter-Bucky dia- 
phraem, the radiographer is supplied with an arrangement which very con- 

*Vnder ‘ sealfwd ’ js also included tie radtat on wh ch mifht be present due to 
rays or g natmg at j laces other thin the focal spot 
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siderablj reduces the effect of scattered rays when thick portions of the body 
are being photographed The underlying principle, as first suggested by 
Bucky, IS simple Suppose, as shown in Fig 1 46, a grid of lead stnps, separated 
by narrow slots, is placed between the object to be radiographed and the photo- 
graphic plate If the lead strips are placed so that they lie lengthwise along 
a curve somewhat as shown in the figure, it should be evident that if the target 
IS so placed that the focal spot coincides 
with the intersection of the dotted lines 
in the figure, the only rays which can 
get through the slots and so strike the 
photo plate are those in the direction of 
the focal beam. Secondary rays in 
other directions are cut off by the lead 
strips, as IS clearly shown in the figure 
m the case of a few rays from particles 
1, 2, and 3 Sharp shadows of objects 
such as A and B, therefore, are cast. 
With a stationary grid of the kind 
described, however, such radiographs 
would be of little use, because the 



muld be superimposed on the picture 
In the Potter-Bucky diaphragm this 
difficulty is overcome by adopting the simple device, suggested by Dr Potter, 
of keeping the grid in steady motion throughout an exposure By this means, 
Since each portion of the plate is covered for the same length of time by each 
lead strip, the effect of grid shadows is eliminated With such an arrange- 
ment excellent radiographs may be made of the thick portions of the body 
The gnd moves along a curved track and is thus always m the position to allow 
the passage of primary rays, while immediately above the grid a thin curved 
sheet of metal supports the patient 


143 Causes of Grid Shadows. — In using a Bucky diaphragm the 
time of exposure is increased considerably. This should be evident when it 
IS remembered that under certain conditions the intensity of the scattered 
radiation may be as much as five times greater than that of the primary beam. 
If most of the scattered rays are removed by the grid, there is a consequent 
increase in exposure time. 

To make the time of exposure very short, as is sometimes desirable, x-ray 
beams of high intensities must be used, that is, the tube current must be high. 
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Now when the Bucky diaphragm is used and the exposure as very short, some 
times shadows are observed on the photographic plate even if all the mechanical 
Conditions such as tube position are satisfactory. 

One cause of these shadou s arises from s \ery high surge in voltage which 
may develop in some circuits when the primary circuit is closed at an instant 
when the alternating current is not at its zero value Such surges, magnified 
by the high tension transformer, cause a momentary large tube current, and, 
therefore, a momentary extremely intense “flash ’’ of x-ra}S, a beam which 
ma) be so intense as to throw a grid shadow on the plate To prevent this 
t}pe of grid shadow an arrangement, such as the Westinghouse Igmtron 
Timer, is used to insure contact of the pnmaiy switch being made at the 
nght instant 

A second cause of grid shadows arises if the tube current is intermittent, as 
It is in ordinary self-rectifying units, or half wave, or full wave rectifiers (see 


d 

Fro 147 To ilJusrrste syncJironiirafion of gnd ihadoivi a i>,f and J 

again, Figs 78 and 85) With the types of current shown in these figures, 
there are renlly a senes of “ flashes ” of beams of \-ra)s, each following the 

other (when the supply is 60 cycles per second) after an interval of 

second for full-wave (Fig 85), or of c)cle, for self-rectified or half-wave 
6U 

arrangements (Fig 78) 

Suppose an operator « taking a high speed photograph with a Bucky dia- 
phragm It might easily happen that the motion of the moving gnd would 
synchronize with the flashes of the x-ray beam This would happen if the 

speed of the gnd were such that every ^ second, for full ware, or — 

of a second, for half-wave, the gnd moved such a distance that the shadow 
of the strips came m exactly the same place each flash In Fig 147 u, h, c, d 
represent four successive positions of the gnd shadow pattern when there is 
this type of synchronization 

Such shadows could not possibly occur with constant potential x-ray equip 
ment, because in that case there would be no intermittent flashes, hot a nwrlj 
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steady tube current, as shown previously in Fig 89 At least one manufac- 
turer has shown that even with a full -wave generator, it is possible to attach 
a unit, the Grid Line Eliminator of the Westmghouse, for example, which con 
verts the pulsating potential into constant, “ the capacitance of the Eliminator 
being such that during the exposure there is no moment when the x-ray 
intensity falls appreciably low ” This unit is such that it may be readily 
switched in or out, that is, so that either constant or pulsating potential is 
available 

144 Lysholm Grid — Dr Ljsholm has shown that it is possible to use 
a suitably constructed stationary grid In this, absorption of scattered radia- 
tion IS accomplished by exactly the same means as in the Bucky diaphragm 
Although it IS designed for fluoroscopic use, the manufacturer of the Ljsholm 
grid states that it may be used with advantage in radiography because the faint 
shadow of the lead strips “ by no means interferes with the diagnostic value of 
the radiograph ” The grid is a light flat sheet which may conveniently be 
put into position and used to advantage by a radiologist whose outfit does not 
include a Potter-Bucky diaphragm 


PROBLEMS AND QUESTIONS 

1 Descr be two way % of obtaining x rays characteristic of the matter from which they 
are emitted 

2 A \ery penetrating primary beam of x rays traverses a layer of matter containing 
both heavy and light elements and an observer with suitable apparatus examines all pos 
sible secondary emissions from the matter in a direction at right angles to the primary 
beam State with brief explanations, what he observes 

3 Expla n what scattered x rays are and discuss their importance m radiography 

+ D stingu sh between scattered and characteristic fluorescent secondary x rays 

5 Describe an experiment to demonstrate the existence of secondary x rays 

6 Describe an experiment to enable you to find the relative intensities of the primary 
beam and of the secondary rays, at a given place m a medium traversed by a beam of 
X rays 

7 Discuss the importance of scattered rays m radiography and show how their harmful 
ittects may be minimized by the use of a Potter Bucky Diaphragm 

8 Explain the construction of a Potter Bucky Diaphragm State why it is used and 
under what conditions 


a layer of matter D scuss what happens to the beam 
10 What IS meant by the critical absorption wave length of an absorbing substance? 
Why isa knowledge of its value important m choosing a filter? 

12 material to use as an x ray filter 

.kt .f?:; aU”""’”" ” ““f" 
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U. A homogeneous radiition is m mten<itj SO per cent b) a thickness of 0 5 

mm of copper (a) Plot a graph showing how ifie miemitj falls off with increasing 
ibirkness of roppir (\i>»c — Obtain S {mints tn jour gwj b, tmng copper thickness of 
0 5, 1 5, 2 0, 2 5, amt 3 0 mm ) (ft) What is the naint guen to this (>p(. of graph* 
Gisn two CTain{lcs of radiations whose absorption is goserned bj a graph of this kind 
(e) Find the linear absorption coefficient for the abose radiation (J) If the densitj 
of copper IS g 9 griT jH.r cc, /inti the mass ahsorprton coefficient (e) Find the 
emergent intcnsit> for a la>er of copper 2 6 mm thick (c) 3 3*. (/) 0 155, 

(r) 2 * per cent 

15 A parallel Kain of x rajs of wate length 0 OtO A U enters an ionization chamber, 

and Its intrnsiCa is found to he lOO (a) Find the mtensilics when I mm sheets of -VI, Cu, 
and Pb arc in turn interposed in the brain The densities arc 2 70, S 93, and 1 1 37 gra 
jser cc rcspectiscl), and the mass absorption coefficients are f) 143, 0 263, and 2 47, resjiec- 
livtlj Anf 96 2, 79 I, 6 06 (i) Find tbc thickness of Al, Co, and Pb which will 

reduce the intensits of the Ik am of s>a\c length 0 OSO k C to half saluc when Interposed 
in turn Ant JS 0, 2 95, 0 247 mm 

16 When an unfiltercj beam of x rajs is analyzed bj an ionization spectrometer, indi 
cate the general nature of the curse obtained (i) when characteristic rajs are absent, 
(ii) when thej arc present 

17 If the U V L of a homogeneoot Iieam of x raj's is 2 mm AI, find hj lion much 
the intcnsitj of the beam is reduced bv 6 mm Al Ant I5v S7 5 per cent 

18 State two practical s'ajs bj means of which K ssaie lengths from tungsten can be 
emitted 

19 Name the ino classes of secondary x-rajs indicating briefij sshat contiecfion, if 
qjiv, exists licttseen each and (i) photoelectrons, (ii) recoil electrons 

20 Fxplain the meaning and the origin of (i) photoelectrons, (ii) recoil electrons 

21 WTien there is a changi. in energy due to an clictron transfer in an atom, how is 
the wasc length related to the magnitude of the energy change* 

22 Brte^} list anj simdarifics or differences between beta rays, fhatoelectrons, recoil 
electrons 

23 A homogeneous beam is reduced m intensity from 100 to 80 units by 1 mm of 
copper Find tlie intensitj after (he beam has passed through 4 mm of copper 

24 A photon A on striking a material gives rise to a photoelectronj a photon B to a 
recoil electron In each case, explain w hat happens to the original photon 

25 \ homogeneous lieam of x rajs has a H V L of 0 5 mm Cu Find what per cent 
IS transmitted by I 4 mm Cu Ant 14 4 per cent. 
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MEASUREMENT OF DOSAGE FOR ROENTGEN RAYS 

145 Quality and Intensity — In the field of radiolog ) , x-ray s are used 
in two general wi)s (1) m dngnosis, either hj photograph) or bj the use of 
the fluorescent screen, and (2) in thenp), where the aim is to bnng about a 
bcneficnl effect on diseased tissue In the latter field, where the ra}S arc an 
acent for treatment, it is just as important to know the “ dose ” as it is in 
prescribing ordinar) medicines In either case, too large a quantit) ma) kill 
instead of cure the patient It is necessarj, therefore, to consider somewhat 
in detail this whole question of dosage 

first of all, It will he esident that to describe accuratel) a given beam of 
x-ra)s two thincs must be known (1 ) its qualit) , and (2) its intensit) at an) 
particular place in the path of the beam We have alread) explained how the 
qiiaht) IS described bj giving the constituent wave lengths of the beam, or its 
effective wave length, nr the H V L in some standard material So far, 
however, although some use has been made of the idea of intensit), the exact 
mcinin^ of this term and its relation to dosage has not ) et been discussed The 
distinction between the two quantities, while simple, is so important that it is 
worth while notin^, an optical illustration Suppose a red glass is held in the 
path of the beam of li(,ht emerging from a projection lantern and falling on a 
screen If the Ii„ht inside the lantern is made brighter (as can rcadil) be 
dine in the case of an electric arc b) increasing the current), the red spot also 
I'ecomes bn^^hter ] he li^ht falling on the screen is still red, that is, its 
qual t) IS unchanged, but its intensit) has been increased 

n m viund, a tuning fork ma) be struck verj lightl) so that it is difficult 
to hear the emitted note, or it ma) be struck vtolcntl) and heard at a con- 
sideralle distance In Mb cases the qualit) of the emitted note is the same 
(iinlns harmonics are present), m the latter case, however, the mtensit) is 
grcatl) increased 

m x-ravs. we might operate a Cor hdge tul>e alwajs at constant voltage, 
« l in one case with 1 iw mniumperage, in a second case, hi^h The effective 
wave lengtls in the two eases would differ hut Iitlle, in the second case, hovs- 
evrr, the mlens-tv w. u!d fr treater than in the former 
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146 Absolute Intensity and Law of Inverse Square — From the 
focil spot on the face of the target of in \-ny tube, a beam of x-n>s <!preads 
out mudi the same is ordinary light rays from a small source of I ght In 
each case energy is radiated from the source, and in each case the mtens ty of 
the beam it inj point is measured fundamentally by the radiant energy which 
each second pisses through unit area placed at nght angles to the direction of 
the beam at this point 

In either case, if no energy is lost by absorption, it is not difficult to see that 
the intensity falls off with increasing distance according to the inverse square 
law In Fig 148, all the energy which pisses through the area /fffCjD also 
passes through the area d'BCD', 
since both x. ray s and light ray's are 
propagated in straight lines Now 
if the distance FA' is evactly tmee 
FAy then the area A B C’D' is ex- 
actly four tunes the area ABCD 
Therefore the energy received per 
second per unit am at any point jn 
A'B C'D' IS one quarter of the 
energy received per second per unit 
area at any point in ABCD In 
other words if we double the dis- 
tance, the intensity falls to one quarter the s alue, or, in general, the intensity 
falls off inversely as the square of the distance from a small source, provided 
there is no absorption 

147. Meaning of Intensity in X-Ray Dosage — When x-rays are 
used for treatment, m general part of the x ray energy is absorbed, part is 
transmitted Obviously the part which is transmitted plays no part m any 
beneficnl or harmful effects the beam may have on tissue The radiologist, 
therefore, is interested only m the portion of the beam which is absorbed by the 
tissue He might, for example, have at his disposal t« o beams, one of strong 
intensity (measured fundamenully ) and of extreme penetration, the other, of 
weak intensity and of feeble penetration If each fell on the skin of a patient 
the second might have a greater biological effect than the first and if so, we 
might correctly say that as far as skin treatment is concerned jrs biological 
intensity was greater than that ot the drsT inmrn 

In X ray dosage, we arc interested in the absorbed energy only, and when 
we use the term intensity m radiology, we really are thinking of the absorbed 
energy per square centimeter per second To disunguish this from funda- 
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mental or absolute intensity as defined above, the term effective intensity may 
be used, but, as this is not done in actual practice, we shall not do so It must 
not be forgotten, however, that henceforth when we use the term intensity, 
we are thinking of its use in this restricted sense 

148 Means of Measuring Absorbed X-Ray Energy — The prac- 
tical dosage problem m therapy, therefore, is to find in some way a means of 
stating that in a particular treatment so many units of x-ray energy were 
absorbed by tissue At the outset it may be stated that there is at present no 
means of measuring directly the energy absorbed h) tissue We are forced 
to make use of the change which x rays on absorption bnng about m some 
purely physical medium For example, when x-ra)s fall on a strip of paper 
coated with a photographic emulsion, the rays which are absorbed cause a 
blackening of the paper after it is developed and the greater the amount of 
absorbed x-ray energy, the greater the blackening of the paper Now if a 
beam of x-rajs falls simultaneously on the skin of the human body and on a 
piece of photographic paper, the degree of blackening of the paper after devel- 
opment might be taken as a measure of the x-ray energy absorbed by superficial 
tissue during the time of treatment As a matter of fact, m the pioneer days 
of dosage, such a method was used to some extent It has one fatal objection 
— along with others — and that is, that the absorption of x-rays by the photo- 
graphic emulsion does not change with changing wave length m the same way 
as absorption of tissue changes with changing wave length 

It IS worth while briefly examining one or two other properties of x-rays 
which were utilized in the attempts to establish a satisfactory means of measur- 
ing dosage In the -pastille method, at one time used to a considerable extent 
by radiologists, the dose was measured in terms of the change in color in certain 
salts which results from the absorption of x-rajs A salt of banum platmo- 
cyanidc, for example, in the form of a round pasulle some 8 mm m diameter 
was exposed to the rajs, the pastille being placed on a metallic sheet at a distance 
from the target equal to one half the distance to the patient When m this 
position the absorption of a certain quantity of x-rays changed the color of the 
pastille from the onginal pale green to a brownish yellow, called Tint B 
When rays were allowed to fall on the patient until this color change resulted, 
a unit dose as measured this way was delivered to the patient 

At the best this method could not be more than a rough guide More- 
over, neither this method nor that of the photographic strip gives any 
indication of the energy absorbed by tissue at some distance below the sur- 
face of the skin The pastille method is also open to the same objection as 
was made to the use of the photographic stnp The absorption by the pastille 
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matenal with changing wave length does not parallel the corresponding change 
in absorption by tissue, 

A somewhat more scientj/lc method made use of the property which x-rajs 
have of decreasing the electrical resistance of the element selenium A1 
though this method, as exemplified in the Funtenau Intennmeter^ is open to 
similar objections, it is worth a brief examination if only for the sake of further 
illustrating some of the difficulties involved in the measurement of dosage 
The cvpenmental arrangement consists essentnlly of a selenium cell, Se, 
Fig 149, placed m an electnc circuit in senes with a battery and a galvanometer 
When no beam of x-rajs is incident on the selenium the position of the pointer 
of the galvanometer is marked zero If now a beam of rays falls on the cell, 
Its resistance alters, the current increases, and the pointer rakes up a new posi 
tion at which it remains, provided the intensity of the beam does not alter 
If the intensity of the beam is increased, a corresponding greater deflection is 
indicated Hence the galvanometer scale may be marked in arbitrary units 
which are proportional to the in 
tensity of the x ray beam, or, more 
accurately, to the intensity absorbed 
by selenium 

Suppose It were found that when 
a certain beam, whose intensity was 
2 units as measured by the scale of 
this instrument, fell on the skin of a 
patient for 30 minutes a mfld ery- 
thema was produced It would 
then be reasonable to state that, measured by this method, the particular dose 
required to cause such an erythema, is 2 X 30 or 60 Furstenau units If 
another time, a beam of the same quality w ere used but of intensity 4 units on 
this scale, It would be natural to assume that to produce the same biologtcal 
effect, the rays would have to fall on the patient for only 15 minutes, since 
4 X IS = 60 units as before But the assumption that a weak intensity 
for a long time has the same effect as a strong for a correspondingly shorter 
time IS not necessmly true, and has to be justified 

Again, if the yiwfrfy of the beam of rays was now changed and its intensty 
adjusted until 2 units were again recorded by this mtensimeter, it would be 
found that the time required to produce the erythema was no longer 30 
minutes A separate calibration would then be necessary for each kind of nay 
On the whole — and there are still other objections which need not be 
discussed — this method is not good enough for the exact measurement of 
dosage 



Fio 149 To iJiustrate tfie use of a seJemum 
cell in measuring it ray intensities 
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149. Dosage by Ionization. — The onij propertj of x-ra)s which can 
be used satisfactorflj as a means of e\aluating a physical dose hanng a direct 
relation to tissue dose, is the abdit) of a beam to ionize a gas like ordinar) air. 


There are set eral reasons for this 

(1) Oter a ^\^de range of wate lengths the ionization of air is directlj 
proportional to the x-ra) energj absorbed 

(2) Since tissue is largelj composed of the light elements h) drogen, oxjgen, 

0 J, carbon and nitrogen, what we 

might call the effecote atomic 

weights of air and of tissue do not 

differ to anj great extent. It is 

_ - 3 useful to remember that, o\er a 

- x^^de range of wa\e lengths, the 

^ absorption per gram ts nearly the 

same for air, for dialer, and for 

Q tissue 

Fig ISO A very scnsiuve galvanometer G Glosel} related to (2) is the 

indicates a current when a beam of i rays fact that the absorption of 3ir 
lomzes the air between P and Q i_ i_ i 

changes wnth changing wa\e lengtn 

in the same way as the absorption b) tissue 

(4) It IS highl) probable that the pnmar) cause either of the beneficial or 
of the injunous effect of x-ra)^ on tissue is due to ionization 

(5) The ionization method of measunng absorbed x-ray energj lends 
Itself to the establishment of a con- 


lement, universal unit, which may 
readilj be realized 

It is necessarj , therefore, to studj 
m detail the whole question of ion- 
ization of air and its use m the meas- 
urement of x-ray dosage 

150 Saturation Ionization 
Current — Consider the two ar- 



raneements illustrated in Fig 150 
and in Fig. 151 In Fig 150, 
two plates, P and p, separated bj 
an air gap, are joined in senes with 


Fic ISl A charged electroscope attached » 
P IS discharged when a beam of x rays ionizes 
the air between P and Q 


a batter) B and a verj sensitiie gal \ a no me ter. In Fig 151, the plate Q is 
grounded and the insulated plate P is joined to the leaf of an electroscope 
With the gaUanometer arrangement there is normallj no current because 
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for moderate voltages air is a gootl msulator With the electroscope arrange- 
ment, if the msuhted piste and the leaf are given a charge, the leaf remains 
stationarj for the same reason * Non suppose a beam of x-rajs, indicated by 
the dotted lines in these figures, traterses part of the region between the 
plates P and Q The atr in its path is then ionized and, m the arrangement 
of Tig ISO, the gahanometer (if sensitive enough) md cates a current or, m 
Fig 151, the leaf of the electroscope falls A stead} deflection is recorded 
b) the galvanometer, because as long as the x ray beam is in action, there is 
T stead} streim of ions, positne to the negative plate, negative to the positive 
If the insulated sjstem in the electroscope arrangement is positively charged, 
ncgatisc ions will go to P (positive to the earthed plate p), and the leaf wiH 
drop at a rate which depends on the magnitude of the current of ions 

Should the beam of x-ra}S he made more intense, a greater number of ions 
IS formed in each unit volume, a bigger ionic current flows, and a greater 
deflection is recorded by the gal 
vanometer, or, with the other 
arrangement, the leaf falls at a 
faster rate Hence, either ar 
rangement provides us with a 
convenient means of measunng 
the (absorbed) intensity of an 
x-ray beam, the first by the 
steady deflection of a galvanom 
eter, the second by the rate of 
fall of the leaf of an electroscope 
To make sure that the galvan- 
ometer deflect on or the rate of 
fall of the leaf is exactly proportional to the absorbed intensit}, an important 
condition must be fulfilled, and that is, the lonizaUon current must have 
ns saturation value This means that the potential difference between the 
plates P and Q must be large enough to remove all the ions as fast as thej 
are formed If the voltage is too small some of the positive lOns will unite 
with negattve, or, to use the technical term, a certain number of positive and 
negative ions will recombtne The voltage, therefore, must be sufficiently 
high to prevent reeombtmitan so that as many ions reach the plates per second 
as arc manufactured by the ionizing beam 

♦ Actually due to defective jnsukt on and to a very slight amount of lomzat on 
present at all f mes in the Hr the leaf falls very slowly, so slowly that often it can be 
neglected In making exact observations it is an easy matter to correct for this natural 
leak as it is called 
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In any of the arrangements we shall later describe, it is assumed that suf- 
ficient voltage IS used to insure saturation 

151 Ionization Chambers — In the arrangements used practically to 
measure ionization currents, the plates P and Q of Fig 150 and Fig 151 
correspond to what is called an tom^ation chamber We distinguish two 
mam kinds (1) the standard y and (2) the small thimble chamber. The 
essential features of a standard chamber are shown in Fig 152 In this 
arrangement ions resulting from the passage of the beam of x-ra}S are driven 
from the volume HKLM to the collecting electrode E because of the eicctnc 
field maintained between the plates A and E by the battery By and the total 
charge coming to the electrode m any given time is measured by the instrument 
attached to E Further details about the use of the standard chamber will 
be given presently At this stage it is sufficient to state that it is not suitable for 
use by a practicing radiologist, but is used for standardization purposes. 

The essential features of a 
simple arrangement with a thim- C 
ble chamber are illustrated in Fig. ^ 

153 C represents the chamber, 
which encloses a volume which 
may be of the order of one or 
two cubic centimeters Its walls 
are of some light material — 
even paper will do — w hose in- 
ner surface is made conducting 153 Arrangement for using a small loniza 
by a thin coating of graphite and ^ 

IS grounded E, the insulated electrode to which ions are attracted is joined 
to a measunng instrument, such as an electroscope or other type of electrom- 
eter, b} the insulated conductor K This conductor is shielded from electnc 
disturbances bj surrounding it with an outer earthed tube or shield S To 
prevent ionization m the region between K and the outer tube, this space may 
be filled with an insulating matenal like rubber, or, by means of a vacuum 
pump, the pressure in this region may be kept so low that ionization bj any 
radiation penetrating the shield may be neglected If desired the tube con- 
necting the electrode to the electrometer may be flexible and of any con- 
venient length 

152 The Roentgen — Before discussing further details concerning 
ionization chambers, it is desirable at this stage to explain the nature of the 
fundamental unit m terms of which dosage is now measured 

Whatever arrangement used to measure an ionization current, it should 
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be ewdent that jts magnitude depends on two factors, (1) the intensity of 
the beam, and (2) the volume of air from which the ions are removed The 
greater the intensitj , the greater the number of ions manufactured m each 
cubic centimeter, and, for a given intensitj, the larger the volume from which 
the ions are collected, the greater the total number taking part in the current 
to the collecting electrode 

With these facts in mind, the student should be able to understand, at least 
m a general vva), whj in 1928 the Second International Congress of Radiologj 
adopted the following definition of a phjsical unit, called the roentgen, tn 
terms of which dosage can be measured 

The roentgen ts the ^uattttiy of x radiation winch, when the tecondary J 
electrons are fully utilcced and the wall effect of the chamber ix avoided, j 
froduces mice of atmosphrnc ntr at 0°C and 160 mm pressure, such a 
degree of conductivity that one electrostatic unit of charge tt measured'at 
saturation current 

In 1937, at the Fifth International Congress, this definition was altered 
to the form given in section 153 Since for x ra}s generated by means of 
voltages as high as about 200,000, the two definitions agree in their practical 
application, wc shall make use of the 1928 definition in our initial discussion 

It will be recalled that the electrostatic unit of charge (e s u ), which we 
have prcviousl) designated the statcoulomb (section 35), is such a quantity 
that VI hen it is placed I centimeter away, in air, from an equal quantity, the 
force of repulsion of one on the other is 1 d)ne In actual calculations, it is 
more convenient to know that the coulomb, the practical unit of quant ty, 

IS related to the statcoulomb b) the equation, 

1 coulomb = 3 X 10* statcoulombs 

Suppose, m an arrangement Ike Fig 152, a current of 10"* ampere is 
recorded K) the measuring device and that the volume IIKLM in which the 
ions are produced is 3 0 c c , 

Since 30 * ampere = 10"* coulomb per second, 

= 10"* X 3 X 10* statcoulombs per second, 

= 3 statcoulombs per second, 

we may write The number of statcoulombs produced m 10 c c in I sec =3 
Hence, the number produced per c c m I sec =03 According to the 
above definition, the intens ty of the beam producing the ions m the region 
ffhL 1/, « 0 3r iMiitJ per second This assumes that the air is at 0°C and 
76 cm «n:pcratures and pressures the correction re 

ferred to m sect on 155 must be made 
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It must be clearl) understood that the roentgen is a unit of quantitj, and 
that intensity has reference to the absorbed energj in unit time If theahote 
beam continued in operation for 10 minutes, the physical dose delivered in 
the region HKLM would be 03X 10X60 orl80r units 

To fulfill the conditions expressed in the above definition of the roentgen 
certain precautions must be taken 

(1) The current must have saturaton value, (2) all the secondary elec- 
trons must be utilized, and (3) the wall effect of the chamber must be 
avoided Let us examine each of these in turn 

(1) The meaning of saturation has alreadj been explained and need not 
be further discussed 

(2) We have also previous!} explained that when a beam traverses a gas 
like air the ionization is due to the action of photoelectnc and recoil electrons 
Now these liberated electrons may travel outside the track of the primary 

beam as shown b) the cloud track 
photograph in Fig 138 For long 
wave lengths the “ outside ” effect 
IS slight, but if the wave length of 
the primarj beam is made shorter 
and shorter the excursion of the 
electrons out of the track becomes 
longer and longer This means 
that iontzatton often takes place well 
outside the actual region traversed 
hy the fnmary beam This long 
excurson of the electrons K nicelj 
shown in Fig 154, a reproduction 

Fro 1S4 Passage of SSOOOO volt x rays ^ Photograph taken, with tube 
through a cloud chamber Note the long voltage 550 Kv , by Dr Walter 
occurs on of the electrons Jordan at the California Institute 



, of Technology and reproduced 

^ hindness of Dr Charles C Launtsen The tube voltage used 

w en ig 138 was taken 15 not available, but it is very much less than 550 
f secondary electrons full) 

u ize the teparation of the electrodes must be sufficient to insure that 
none of these electrons strike containing walls before they have used up their 
energy ,« ,omzing The actual separation depends on the kind of rajs used, 
ffin nnn * generated by voltages 

irLer!? J or 200,000 Volts, a spacing of 12 -m is sufficient, but for x rays 
th f tfi ^ ^ n”t' ran-re of secondary electrons JS so much greater 

that the overall dimensons of the standard chamber must be greatly increased 
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In this connection the student may well ask “ If ions are formed outside the 
region HKLM (Fig 352), is it conect to use only the volume of HKLM 
in making calculations^” In considering the answer to that question the 
student must distinguish carefully between (a) the eonv^mon frocets, 
wherebj part of the energy of an x-ray beam is truly absorbed, being converted 
into the kinetic energj of photoelectrons and/or recoil electrons, and (b) the 
subsequent process m which these secondary electrons gradually lose their 
energy by creating ions along their piths Obviouslj , m i standard chamber, 
the conversion process takes place m the region HKLM, although for x-ra}s 
of very short wave length minj of the ions formed by the ejected electrons 
ire outside this region (See Fig 154 ) Although the 1928 definition 
of the roentgen does not state the fact expl citly, the cubic centimeter m 
that definition does refer to the region HKLM where the electrons arc 
liberated bj the primary beam, that is, wJicre the energj conversion process 
takes place In this respect the 1937 definition discussed m the next section 
IS more exict 

(3) If x-rajs are allowed to strike the walls of the chamber, secondary 
x-rajs and electrons may be emitted, and these may add to the ionization of 
the air between the electrodes In in actual standard chamber, therefore, the 
primarj beam is carefully isolated b} protecting diaphragms, with the electrodes 
well separated is noted above As a still further precaiiton, the walls of the 
chamber arc made of materials of low atomic weight so that if any stray radia- 
tion did strike them, the emitted fluorescent rays would be so soft (see section 
120) that thej would be absorbed before baling produced an) appreciahie 
ionization 

153 1937 Definition of the Roentgen — At the Fifth International 
Congress of Radiology held at CKicigo m 1937, a somewhat different defini- 
tion of the roentgen was provisionally adopted in order to make this unit 
available for gamma rajs of nduim and for the ultrahtgh voltage x-rajs now 
m use (See Chapter XV ) The new definition reads as follows 

The roentgen shall be the quantity of x or gatnrfsa-radtauem such that the 
assocwiel corpuscular emission per 0 00129S gram of atr produces, m air, 
tans carrjtng 1 esu of quatiUfy of electricity of either sign 

In many respects the two definitions ire identical, and no change need be 
made in the work of the preceding pages Note, however, the following 

(1) 0 001293 grams is the mass of 1 c c of air at O^C and 760 mm 
pressure 

(2) Saturation conditions are not mentioned because the definition refers 
to the number of ions froduced per cubic centimeter bj the radiation and 
natunlij includes ill of them In mikin- meimremcnts, however, it is just 
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as necessary as ever to use sufficient voltage to insure that the ions do not 
recombine 

(3) The ions to be considered arc those produced bj the corpuscular cmis 
Sion per 0 001293 grams that is by the secondary electrons (photoelectric and 
recoil) set in motion by the primary beam This corresponds to the clause in 
the 1928 definition requiring the utilization of all the secondary electrons, but, 
as already noted specifies without any ambiguity that the volume to be used 
in calculating the number of r units is the volume of the region in which the 
primary beam produces its “ associated corpuscular emission ” 

154 Determination of Effective Volume — In considering the 
exact value of the aolume HKLM to be used in calculating the number of r 
units two factors are of importance The first has to do with the nature 



Fic IS? By the use of guard plates C and G a un form electnc field can be ma ntamed 
between A and £ as m ^ In a the field is far from un form 

of the electnc field between the charged plate A, Fig 152 and the collecting 
electrode E Since charged particles move along electnc lines of force, the 
ions in an arrangement 1 ke that shown in Fig 155<7, move to E out of the 
region MNCD The volume of this region vanes with the relative size of 
the plates and is not easy to measure For accurate calculation, the lines of 
force should run as nearly perpendicular as possible over the whole face of the 
electrode E somewhat as shown in Fig 155i Ths is accomplished by 
surrounding this electrode with the grounded guard plates G and G If 
initially E is also grounded as is usually done in standard measurements (see 
section 155) and if the gap between E and the plates GG is narrow, then 
the ions are drawn to E from the volume HKLM whose length is equal to 
the distance from the center of the narrow opening on one side of the electrode 
to the center of the other open ng 

The second factor relates to the cross sectional area of the beam of primary 
rays This is controlled by the use of daphragms which narrow down the 
primary beam and enable in exact calculation of the cross sectional area to be 
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mndc U standarJ chimbers nre used onlj tn stmdardizstion laboratories 
further dcnils are omitted in this hook 

{{j examining Fig 156 the student should sec readily scicril things (1) 
tons will go to the electrode CD from the whole regton A BCD, (2) electrons 
which ongiintc in the region IIKLM, but most of whose ionizing paths (such 
as 1 and 2) arc outside the lolume ABCD, will create many ions which do not 
go to the collecting electrode, and (3) other electrons (such as 3 and 4), 
which did not originate in the region IIKLM, will create ions within the 



Ffc tSf Lines 1 and 2 represent tracks of rfectrons produced in the region HkLXf, fines 3 
and A, tracks of electrons produced outside this region 

tolumc A BCD which do go to the electrode There is therefore a loss of 
ionization from electrons which haie moicd out of A BCD and a gam from 
other electrons which haie rnoved into this region In standard ioniza- 
tion chambers designed for highi) penetrating rajs which give nse to 
sccondarj electrons with long piths, the Joss can be made equal to the gain 
hj making sure that the dimensions of the chamber are sufficiently large that 
electrons mose into the volume ABCD from distances equal to the maximum 
forward range of those which move out 

Z55. Null Method of Measuring Ionization Current. — It has been 
stated m the preceding section that a suitable electric held is obtained in a 
standard chamber when both the guard plates GG, Fig 1 SSb, and the electrode 
£, are at ground potential In actuil use E is mitiallj grounded, but this 
connection to earth must be broken before any measurement can be made of 
the charge earned to E by the ions, in any time interval If this charge were 
measured by direct connection to an electrometer, the potential would steadilj 
change as time went on, and in consequence the electric field would also change 
sufficient]) to introduce an appreciable error in the calculated volume To 
overcome such an error, in laboratories such as the Bureau of Standards in 
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Washington, -imt the N m *n il Ph)Mc-il I lUmtor), I ctldin^tnn, i null 
method i> used I i,.nrc 1S7 illiivtntcs in simple form the nmn^cment used 
in one such intthnd /, it mil Ic seen, is conncctctl liotli to the mci'unn,. 
electrometer ind to one st Ic of i snndird ci ndenscr 6 uhosc capicit) is 
iccuntelj know n 1 he t thcr side of the condenser is connected to i s«>urcc 
of potential sshosc tnij^nitudc ina) be sincd, the pnlaril) l*cinp v» chosen that 
the cliirj,c on the side of the conden- 
ser connected mth / is ipp*>s-ir in 
sign to the clnrf.e on the ions coming 
up to f When n measurement is 
Ixrtn^ made, mitnil) the ke) K is 
closed, thus ^roundinj; I and the s}s- 
tem to v, hich it is attached With the 
x-rai lieam m operation, K is then 
c pened, and a stream of ions Iscpns to 

Fio IS7 n> v,r>mg the >oltaEe act™, the ^ ^ accumulates a 

condenser C the jon e charge com ng to / chir^c^ the applicil tn the 

sfeTSi,";?’ ' ■' "" " " '< 

w a) that an equal charge of opposite 
sign IS induced on the side of the condenser connected with F 'I he resultaut 
charge on the sjstcm joined to the electrometer t> therefore kept at zero, and 
the indicator of the electrometer remains iincliangcd in position 

To determine the total clnr,^c Q coming to the electrode in an ohsersed 
tune r, all that is ncccssar) is to calculate the magnitude of the charge giscn 
to the condenser A numerical c sample ssill illustrate the method 

The inleHiif} o/ a Ir/irn of r ro\! at a eertain flace tias measure J h) a 
standard tossizafion chamfer arrass^rd so that the effects r \olume irt tthsch 
tons mere produced teas 2 51 c c Whets the coUecistsg electrode uat attached 
to a condenser of capacity 12? X 10~* micro farai, st sms foutil flat the 
electrometer remained undeflected if at the end of 1 minute the foterstwl 
applied to the condenser mas changed 1)9 2 soils Calculate the sntensily 
tn r units fer sninule (The solume refers to air at 0®C and 760 mm 
pressure ) 

P — compensating quantitj on condenser 
= capacit) X potential 
= 127 X 10“* X 10~‘ X 92 coulombs* 

— 127 X10'*X92X3X 10* statcoulombs 
= 3 505 statcoulombs 

* 1 mcrofarad = to ® farad An alternate method of calculat ng the number of 
coulombs s to use the relations 300 volts = 1 stanolt and t mcrofarad = 900 000 
statfarads 
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Therefore, the number of statcoulombs coJJecteJ 
%\cre 1 c c. 


3 505 

2 51 


4, 


1 
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minute, ti the volume 


or, the intensit) of the beam 

= 1 4r units per minute 

156 Correction for Temperature and Pressure — When measure. 

mjrnts arc made with a Uindard chamber, the a,r is not in general either at 
0°C or 760 mm pressure A correction must therefore be made for these 
factors Since the ahsorptron of x rajs is direLtly proportional to mass, all 
that IS neccssarj is to reduce the observed volume at t^C and P mm pressure 
to Its value under standard conditions By application of the elementary gas 
law s, vve C3ji write at once 


Pcc at PC and P mm pressure 


= rx 


273 

273 -f/ 


^IGO^ 


at 0’’C, and 760 mm 


In anj problems given in this text, we shall assume that this volume correction 
has been made 


157. Thimble Chambers — Because of its fundamental importance, 
detailed attention has been given to the explanation of the means of measuring 
in r units per second the intensity of a beam of x ray s hj the standard chamber 
In actual practice, the radiologist or his tcchnicnn makes use of the thimble 
tjpe of chamber rather than a standard because by such means in a very short 
time he can evaluate the dose m r units or the intensity in r units per second 
It should never be forgotten, however, that previously someone had to cali- 
brate his thimble chamber with the aid of a standard 

We must now amplify the information about small ionization chambers 
given m section 151 To begin with, it is well to note that except in rare 
cases the lonizatioii produced per cub c centimeter m a small chamber is not 
the same as that produced per cub c centimeter bj the same beam at the same 
place, m free air There are se v eral reasons for this ( 1 } Because of absorp- 
t on of the pnmarj beam by the walls of the chamber, the ionization is reduced 
This effect can be lessened by usng chamber Walls of extreme thinness 
hut (2) whatever the thickness, secondary electrons em tted bj the wall ma 
tenal increase the ionization (3) The corpuscular electrons produced 
within a small volume strike the walls before thej have exhausted their abltj 


to ionize 
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generated by si> Iflfl to 200 kilovolts, the wall thickness suitable for an 
air-waJl chamber is a fraction of a millimeter "For million volt >. rays, 
2 inm walls arc necessary , for the gamma rajs from naturally radoactive 
materials the required thickness is about 4 mm ” (Quimby ) 

For verj soft a.*ra)s in the low voltage group, the absorption by even 
thm-wallcd chambers becomes sufficientlj great to throw out the balance, 
and hence such a chamber suitably calibrated for 100 to 200 kilovolt rays 
cannot be used without correction Around 45 kilovolts, the matter is further 
complicated with chambers whose walls are carbon coated because of the 
photoclcctrons emitted bj this clement with such rajs 


158. Victoreen Condenser-Meter. — This tjpe of instrument, a 
photograph of which is reproduced in Fig 158, consists of two mam parts 
(1) a narrow cjlmdncal piece, E to Fig 159, which at onfe end has an 
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He 158 Photograph of the V ictoreen Condenser r Afetcr 


ton.zat.on chamber C, and (2) a box housing a fibre electrometer (electro- 
scope). a device for giving an electric charge to the electrometer, and a lamp 
L to illuminate the fibre On top of the box a low power microscope / to / 
enables an observer to view the image of the fibre against ^ 

central electrode of the ionization chamber passes through solid msulat ng 
material such as amber, and on emergence at the end E of the cylmder 
next the box makes electric contact with the fibre of the electrometer It will 
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be noted that the mam body of the cylinder is essentially a condenser, consisting 
of the central conductor, the dielectnc surrounding it, and the outer earthed 

wall . 

In use, the insulated sjstem, fibre plus connecting conductor and central 
electrode, is given such a charge that the image of the fibre, which is deflected 
an amount proportional to the potential to which it is charged, comes to rest 
on the zero of the scale The c> lindncal tube, which is attached to the box by 
a kind of bayonet socket, is then detached, and the cap B protecting the 



ionization chamber is removed and placed over the opposite end E of the tube 
thus protecting the exposed end of the central conductor The tube is then 
held with the ionization chamber in the path of the x ray beam at the place 
where the mtensit) is to be measured, for a measured time interval, which 
IS frequently 1 minute Because of the resulting ionization m the chamber 
a fart of the charge on the collecting electrode and attached condenser unit is 
neutralized At the end of the minute the cylinder is taken out of the x ra} 
beam, the protecting cap replaced o\ er the chamber, and the tube inserted into 
the box so that electrical connection is once more made with the electrometer 
Because of the loss of charge, the potential of the electrometer drops a certain 
amount and the fibre, or its image, moves from the onginal zero to another 
part of the scale Because of previous calibration the numbers on the scale 
read roentgens directly Thus, if 15 were now read on the scale, the intensity 
of the beam at the spot where the chamber had been placed, would be 15r units 
per minute 
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liy uMng tJiIfrmu t;pci of tii!?es anti chaniSxrrs condenser meters of vanous 
ranges nrc atailabJc for cxnmple, the Victorcen Instrument Company 
advertise meters reading tip to 25r, lOOr, md 2S0r units per minute, as well 
as a very sensitive one for measuring stray ndiaton reading only to 0 25r 
per minute Tim firm states that with a s ngle chamber, “ measurement is 
possible for any wave length radiation from that produced by a standard x-ray 
tube at 60 Kv P up to and including gamma rays of radium, with a wave 
length error not c\cealtng 6 per cent at both extremes A calibration curve 
can be supplied giving the necessary correction if any, within 2 per cent ” 

Other chambers involving more or less the same fundamental principles, 
arc available, which record the tottil dese n r unib during the progress of a 
treatment In the VTctorccn integron, for example, the progress of a dose 
up to 300r units may be watched by means of a pointer moving over an ordi- 
nary scale In the Hammer Dosimeter, the electrical arrangement is such 
that every time a collecting electrode has actjmred a charge equivalent to a 
dose of 5r units, a clock mechanism moves the hand of a dial one division, 
while at the same lime the electrode is discharged and made ready to collect 
another charge 

159 Air Dose, Tissue Dose, and Back Scatter — In the preceding 
sections wc have shown how the intensity of a beam may be measured at a 
specified place tn a:r by an ionization chamber In therapy, the radiologist 
IS interested primarily in the dose delivered to tissue, and that question we must 
now examine Since it is reasonable to assume that the action of x-rays wi 
therapy is due to the resulting ionization in tissue, and since to a first approsi 
mation ionization in tissue is the same as in an equal mass of air, tissue dosage 
IS measured m terms of the ionization caused in a small cavity of air situated, 
if possible, in the midst of the regwn under treatment In superficial treat 
meitf, a small KjitfzafMit t-himher esn he placed on the shin of the patient, and 
the skin dose measured directly In deep therapy, it is as a rule impossible 
to imbed the chamber in the tissue and the depth dose has to be found by expen 
ments with a phantom, that is, a medium which is the equivalent of tissue m 
its absorption and scattering 

The magnitude of the skin dose is not the same as that measured at the 
same spot with the patient removed At this stage the student will not be 
surprised nt that statement, hvt it is so important that a reference to a simple 
experiment is not amiss Suppose that at a certain place m air an operator 
has found that the intensity of an x ray beam is 2r un ts per minute, and that 
he repeats his measurement with his ionization chamber resting on the skin 
of a patient, but without any other change He finds that the second measure- 



206 


DOSAGE FOR ROENTGEN RAYS 

ment indicates a greater mtensit} than 2r per minute The reason for the 
increase has already been given in Chapter XII The primary beam pves 
rise to scattered rays m the tissue of the patient, and many of these — the back 
scatter — are scattered back into the ionization chamber, thus increasing the 
ionization The correct skin dose must include hack scatter 

Many measurements of skin dose have been made by the method given in 
the preceding paragraph, that is, with the ionization chamber on the skin of 
the patient, but the results have shown that different types of chambers do 



Fig 160 To illustrate the basic principle of the Failla extrapolation ionization chamber 
(Adapted from illustrations by Failla and Quimby ) 

not always agree Recently a very careful study of back scatter has been 
made by the radiological department of the Memorial Hospital, New York, 
under the direction of Mrs Edith Quimby It is worth while noting one 
or two features of a special ionization chamber utilized by Dr Quimby in 
this study The chamber, designed by Dr Failla, of the Memorial Hospital, 
IS a standard instrument, that is one by means of which the dose in roentgens 
can be calculated from measurements of the ionization current and of the 
volume in which ions are produced The essential features are shown in 
Fig 160 which has been adapted from published illustrations by Dr Failla and 
Dr Quimby Note the following 

(1) The x-ray beam passes vertically, not horizontally (as in the 
standard chamber of Fig 152), through an upper electrode EE 

(2) This electrode, which is maintained at a potential of say 200 volts, 
consists of organic material like very fine net silk, or parchment, or pressdwood, 
made conducting by India ink or Aquadag 
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(3) The lower electrode AB, to which ions go from the volume ABCD, 
nd the surrounding guard ring RR, are parts of the sme piece of material, 
ke Lucite, whose upper surface has been made conducmg by India ink, 
Kcept for a narrow insulating ring around AB The lower side of this 
hole piece, electrode and outer ring, is in contact with scattering matenaJ 
ich as pressdwood or a mixture of rice and flour which acts as a phantom 
ir human tissue 

(4) By means of micrometer screws, not shown in the figure, the upper 
ectrode can be raised or lowered, so that readings may be taken for different 
iicknesses of the thm layer of air separating the upper and lower electrodes 

Because of this feature, the instrument was originally called an Extrapola- 
on Chamber The idea was to measure the ionization per cubic centimeter 
ir thinner and thinner air layers, as well as for upper electrodes of different 


Table XXVI — skin dose corkesponoino to 100 roentgens m air 


Quality 

Area of Field in Sq Cm 

H V L in Copper 

S 25 100 400 

0 03S mm 

no 117 124 128 

03 

114 124 134 147 

to 

114 124 136 149 

20 

109 117 126 136 


Iicknesses, and final]) to extrapolate to find the ionization per cc for a 
gligiWy thin layer in contact with the phantom, that is to evaluate a true 
easure of the skin dose Actuall} it was found that for x-rajs generated 
/ 100 to 200 kilovolts, there was no change m the ionization per c C for air 
} ers ranging from 0 5 to 3 mm and no difference between upper electrodes 
adc of extremely thin silk and of parchment 

With such a chamber, the most careful measurements of surface dose 
ere made and tables drawn up giving the correct skm dose corresponding 
a specified number of roentgens in air, for a wide variety of conditions 
few actual numerical values, taken from the published work of Dr. 
uimby, are given m Table XXVI 

The numbers m the table show that the skin dose equivalent to lOOr units 
air vanes with (I) the quality of the pnmary beam, and (2) the area of 
e field For example, if we use always the same area, saj 25 sq cm , the 
in dose is 117 units for the softest raj's, 124 for the next two more pene- 
ating rajs, but falls again to 117 for the most penetrating beam This 
ination is due to change m scattenng with changing quaJit) 

On the other hand, .f «e use ilwajs n)s of the same quahtj, those with 
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an H V L equal to 1.0 mm. of copper, for example, we see that the equiva- 
lent skin dose steadily increases with increasing area, changing from 114 units 
for the smallest area to 149 for the largest. The increase with increasing 
field IS due to the increased importance of scattered radiation. The larger 
the area, the greater the volume from which rays are scattered back to the 
chamber or to the area of skin under treatment In Fig. 145, if the dia- 
phragm limiting the width of the beam to CD is widened increasing its width 
to MN, scattered rays come to a small chamber placed over CD from a much 
greater volume than with the smaller opening, and hence a greater ionization 
IS recorded 

For the same reason, if a thin portion of the body, such as a hand, is treated 
superficially, the back scatter is less for the same field, than for an area backed 
by 3 thicker portion of the body. In Table XXVI the numbers are based 
on the assumption that there is enough underl)ing material to give maximum 
back scatter. 

160. Depth Dosage. — In therapj , the problem is generally that of 
treating diseased tissue below the skin. There are then two important prob- 
lems (1) how to effect a cure without injuring the skin and the healthy 
intervening tissue, and (2) how to measure correctly the defth dose delivered 
to the diseased tissue. We shall consider the second problem first. 


Table XXVII — kumbers or roentgens delivered at various depths, for 100 

ROENTGENS IN AIR (i>^ALlTY OF RAYS GIVEN BY H V L 10 MM IN COPPER 



1 1 

25 sq cm 1 

100 

sq cm 

400 sq 

cm 

Depth 

SO cm 

70 cm 

50 cm 

70 Cm 1 

50 cm 

, 70 cm 

50 cm 

70 cm 

0 

114 

114 

124 

124 

136 

136 

149 

149 

1 

9S 

96 ' 

IIS 

116 

133 

134 

ISO 

152 

5 

43 

46 

61 

65 

82 

87 

108 

114 

10 

17 

19 

26 

29 

41 

45 

1 

67 

IS 

6 

7 


13 

22 

25 

33 

38 


As already briefly mentioned, depth dose is measured indirectly by using 
phantoms, that is, materials equivalent to tissue in their absorption and scatter- 
ing of x-rays. Water, rice, a mixture of rice and flour, ground meat, Colum- 
bia wax, and pressdwood are all examples of fairly good phantoms. In 
taking the readings given m Table XX VI, the special ionization chamber used 
by Mrs Quimby was backed by a mixture of nee and flour. Similarly in 
evaluating the depth doses given in Table XXVII, results also due to Mrs 
Quimby, the chamber was embedded m a phantom of this kind In this 
connection we quote Mrs Quimby, “ It is important that measurements used 
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for dctermtnmg tissue doses sinll Inte teen made m phantoms comparable 
m size with the part «{ the bod) undergoing treatment The use of data 
obtained with large phantoms to specif) doses m smaller portions of the body, 
such as the limbs or neck, ma> introduce errors because of the difference m 
the actual amounts of scattenng mate nils in the two cases ” 

The measurements recorded in the above table were taken using 200 Kv, 
constant potential ra)$, with a H V L equil to I mm copper, after being 
filtered with 0 5 mm of copper The 50 cm and 70 cm at the top of 
alternate columns give the distance from the target to the skin (or surface 
of phantom). It will be noticed tint at the same distance below the surface 
the values of the depth doses arc different for different target distances At 
10 cm depths, for example, with the 2a sq cm field, the doses are 26 and 
29 units In all cases, a somcvshit greater depth dose is del vered at the 
same depth in the case of the longer target distance Since the greater the 
percentage of the surface dose delivered at the diseased tissue, the less the 
absorption h) the intcrvenmii tissue, it is obvious!) an advantage to have as 
high a percentage depth dose as possible Now calculations based on the 
inverse square law, as well as the numbers m the above table, show that the 
greater the target skm distance, the higher the percentage of the depth dose 
at an) given distance below the surface 

It IS now easj to see how the inverse square operates. Suppose that F, 
Fig 160 A, IS a source of radiant energy of any kind and that wc compare the 
values of the intcnstt) of the radiation at places A, B <7, D, which are 50, 



Fio l(iO\ Frepresents the focal spot from which a narrow cone of rays spreads out 

60, 70 and SO cm , respectivel) , from the source If the intensn) at A >s 
100 units, the intensity at B, provided there is no absorption between A and B, 
is 100 X 50V60*, or 69 6 units, at C the intensity is 100 X 50V70*, or 
51 1 units, and at D, 100 X 50 /80', or 39 I units 

Hence, tf we increase the distance from the source by 10 cm , the intensity 
falls to 69 6 per cent when we go from SO cm to 60 cm , but to 39 1/51 I 
or 77 per cent when we go from 70 cm to 80 cm 

As far as the inverse square law is concerned, it is, therefore, a distinct 
advantage to use large target skm distances On the other hand, the greater 
this distance, the smaller is the intensity of the x ra) beam, and hence the 
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longer the time it takes to build up the required number of roentgens, that is, 
the longer the time of treatment in deep therapy In choosing the most 
favorable target distance, a compromise must be made between the gam arising 
from the increase in percentage depth dose, and the loss due to increased time 
of treatment In this connection we again quote Mrs Quimb), “From a 
practical point of view, this increase in time is an important economic factor 
From a biological aspect, it introduces complications because of differences 




in tissue recuperation ” And, again, “ it is not advantageous to use distances 
greater than ten or twelve tunes the known depth ” 

A second and more important method of reducing the absorption by the 
skin and intervening tissue in deep therapy consists in using cross-fire treatment 
The principle of this method is simple and will be clear after a glance at 
Fig 161, where P represents a diseased region within the body treated through 
three ‘^orts o/ c«/ry, at A, S, and C If the desired dose is delivered in three 
parts, one through each port, the absorption by healthy tissue is reduced about 
one third 

161 Tolerance Dose — The necessitj of adequate protection from 
undue exposure to x rays has already been emphasized In this connection, 
there is naturally a certain daily dose which represents the maximum permissible 
amount to which any x-ray worker should be exposed At present this 
tolerance dose, as it is called, is generally taken as 0 I roentgen per day 
Unless rigid precautions are taken this small amount of radiation can easily 
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he e\cceded in these tla)s of supcrvoltages and beams of x rajs of high intensity 
A further reference to this question wifi be found in section 164 belovt 

162. Isodose Curves and Charts — The numbers m Table XXVII 
give dosage \alues it distances below the surface for vanous depth alon^ the 
axu of the pnmarj beam, but, for an> given depth do not applj to points away 
from the axis Depth dosages at such points, that is, at any place throughout 
the irndiitcd region m a phantom cm be measured readly by means of the 
ionization chamber From such measurements charts like those shown in 



Tjc. J62. Isotlose cbirt* foe 180 kv constant potential filter 0 5 tnm copper. 50 cm focal 
distance field 100 sq cm 


Fig 162 can he constructed In these charts a single curved Ime joins all 
points for which the dose is the same, hence the name tsodose curve The 
curves m this figure, reproduced through the courtesj of Dr Edith Qujmbj, 
ippl) to the following set of conditions x-rajs generated by 180 kilovolts, 
filter = 05 mm of copper , target distance = 50 cm , diameter of field at 
surface = 100 sq cm A separate chart must be made of course, for each 
set of conditions 

Given the appropriate conditions, if one knows the surface dose at the center 
of the field, one can read off or quicklj eviJuite the correct corresponding dose 
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at any point within the charted area It will be reilized that, although the 
chart depicts only a single plane, it applies to the whole volume obtained by 
rotating it about the central axis 

163 Threshold Erythema Dose. — In deciding to what extent it is 
safe to irradiate the skin, a knowledge of the biological action of the skin to 
x-rays is necessary In this connection much use is made of the threshold 
erythema dose (TED), or the quantity of x-radiation which produces a 
mild skin erythema * This biological unit has placed an important part in 
the development of x-ray dosimetry, because, whatever the ph}Sical method 
used to measure a quantity of x radiation, it has always been necessary to 
know something of a corresponding biological action Thus, in the pastille 
method of dosage, Tint B corresponded to a unit skm dose, in the method 
of estimating quantity by the blackening of a strip of photographic paper, lOx 
arbitrary units corresponded to this unit, and so on for the other early methods 
Now that dosimetry has advanced to the stage where the roentgen is the 
universal unit, all that is necessary is a knowledge of the T E D m roentgens 
Since a much greater fraction of the radiation delivered at the skin is absorbed 
by the layer of tissue just below the surface when the x-ray beam is soft than 
when It IS hard, the value of the T E D depends on the wave length As its 
value also depends on the area radiated (that is, on the amount of back scatter) 
and to some extent on the individual patient it cannot be given with the accu- 
racy of a physical constant Some idea of its magnitude, however, is given 
by the following Using 200 Kv rays, at constant potential, with H VL 
equal to 1 mm of copper, with a field of 100 sq cm , and with radiation 
given at a fairly high intensity in one setting, Mrs Quimby gives the value 
of the T E D as 50 Or units in air, or 6 8 Or units on the skin Dr J C 
Hudson, of the Collis P Huntington Memorial Hospital, Boston, after an 
examination of a number of radiology centers m the New England States, 
reports the numbers given in Table XXVIII, as the value of the T E D for 
four different qualities of rays, and with an area of 100 sq cm 

* Mrs Qu mby gives the follow ng definition We define our threshold erythema 
dose as that amount of radiation wh ch, delivered at a s ngle sitting, will produce in 80 
per cent of all cases a fa nt but defin te reaction and in the other 20 per cent no visible 
change We used to say within two or three weeks but we find that the proper time 
interval depends on the quality of the radiation Three or four weeks is right for 
^0 kv , for lower voltages a shorter t me is sufficient, but for gamma rays it may 
be SIX weeks The reaction may never be red, but appear as a tanning The term 
erythema reaction is not a good one, 1 prefer to call it threshold reaction, without includ 
ing the term erythema If jou ms st that redness shall appear first the question becomes 
very complicated 
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Table XX\ III averace values iv roevtgess oy the skin of the threshold 
Erythema dose tor eour qualities or x rays 


IVavc Length 

ted 

Absorption by the First MiUi 
meter of Saperfieial Tissue 

0 17 angstrom 

96S 

t8 

0 22 i 

soo 1 

' 17 

027 1 

640 

1 16 

042 

42S 

16 


The results of the ]ast column uere calculated using abborption coefficients 
water, and show, to quote Dr Hudson, “ that the difference m dose 


necessary for an erjthema at the various wave lengths is due chiefly to 
the difference m absorption b) the tissue,” and that “ the total energy absorbed 
m the soperfiew] ]aj,ers of skin is practically constant ” 


164. Relation of the Roentgen to Energy Measurements.*" — 
Suppose a beam of x-raj s strikes the area JB, Fjg 1 63, on the skin of a patient, 
and that treatment is to be given a small 
tumor at at a known distance below the 
surface. As we have seen above, with the aid 
of depth dosage tables and jsodose charts, the 
radiologist can find without difficulty the dose 
in roentgens at corresponding to each 10 Or 
delivered in air at the surface But the bio- 
logical effect on the patient depends on 
the actual amount of energ) absorbed, not ^0 ^ 

only bj the tumor, but also by the whole 

irra<lr3te<l region aroUJid Jt, Radiologists are x rays used to treat a tumor at P 
very familiar with radiation sickness and will 

realize readily that the dosage question is not completely solved until n is pos- 
sible to obtain an accurate knowledge of the energy absorbed by all parts 
receiving radiation 

This IS notan easy question to solve, but physicists like Failla and Mayneord 
and their co-workers have devoted a great deal of effort to its solution and 
much progress has been made A detailed discussion of this problem is 
beyond the scope of this book, but the following brief outline will indicate 
the fundamental importance of the work and the way in which Mayneord and 
his associates, for example, are relating the roentgen to true energy absorption 

♦This section may be omiued m a first course 
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(a) The Gram-Roentsen From the standpoint of energy the roentgen 
IS equivalent to the amount necessary to produce m 1 cubic centimeter of air 
(at 760 mm pressure and 0°C ), or m 0 001293 gm of air, ions of either 
sign whose total charge is equal to 1 statcoulomb 

Since the charge on a single ion = 4 8 X lO"*® statcoulomb, the number 
of ions carrying a total charge of 1 statcoulomb = 1/(4 8 X 10”**), or 
10^V4 8, or approximately 2 X 10* Hence, we might define a roentgen 
as that quantity of radntion which produces in 0 001293 gm of air, 2X10 
ion pairs (For every positive ion there is of course a particle with an 
equal negative charge ) 

Now careful investigations have shown that the energy necessary to 

33 X 4 8 X 10“*® 

produce 1 pair of ions in air is 33 electron-volts, or erg 

Therefore, the energy necessary to produce I0*V4 8 ion pairs 


33 X 4 8 X 10“*® 
300 


- = 011 ei^ 


It follows that 1 roentgen corresponds to an energy absorption of 0 1 1 
erg per 0 001293 gm of air, which is the same as 


011 X 


1 

0001293* 


or about 85 ergs per gm 


Majneord suggests that this unit, the energy absorftw?! fer roentgen fer 
gram of air be called by the logical name 1 gram-roentgen 
1 gram-roentgen = 85 ergs 

If the reader will recall that 1 calorie = 4 2 X 10* ergs, he will realize 
that the gram roentgen is an extremely small unit of energy A suiuble 
larger unit is the megagram-roentgen, or a million gram-roentgens, which 
simple calculation shows to be equal approximately to 2 calories 

Since as far as energy absorption or convers on is concerned, soft tissues are 
approximately the same as air, the gram-roentgen in air may conveniently 
be used as a unit for tissue absorption 

(b) Dntrihuiion of Energy Absorbed Throughout a Radiated Volume 
Consider a small mass of m grams at a region M, Fig 164, which lies 
anywhere in a beam of x-rays traversing soft tissue, or a phantom like 
water Then, if the depth dose at M is D roentgens, the energy absorbed 
by the mass w = D X w gram roentgens = BSDm ergs This assumes 

’"Recall that the charge on an electron or a s nglj charge 1 on is 4 8 X 10”*® 
sfitconlomb and that 300 volts = 1 statvoll 
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per cent curves This is because at the lower dosage values the volume 
between two isodose cur\es which differ b) 10 units is much greater than 
between two similar cur%es at the higher values Note again Fig. 164. 

By taking the volumes between all the isodose curves from the surface 
down to the 10 per cent level (only some of which are given in Table 
XXIX), the total integral dose down to this level is found at once by adding 
up all the numbers which would appear in the last column had every 
successive pair of isodose curves been used In the particular set of conditions 
to which Table XXIX applies, the grand total is 96,560 gmm~rot:ntgens 

Mayneord and his associates have obtained similar data for x-rays of 
different kinds A few of their results are given in Table XXX, where, 
for purposes of comparison, a set of readings relating to gamma rays from 
radium is included Note the tremendous range in the magnitude of energy 
absorption, down to the 10 per cent curve, with different conditions, but 
always for the same skin dose of 100 roentgens (with back scatter) 


Table XXX — civinc the energy absorbed per lOOr at the surface 

BETWEEN THE SURFACE AND THE 10 PER CENT LEVEL 


Kilovolts 

Filter 

Wave 

Length 

Focal Distance 

Diameter 
of Field 

Gram roentgens 
to 10% Level 

60 

Tube onij 

' 0 33 

' 5 0 cm 

1 4 cm 

4,200 

200 

1 mm Cu 

012 

50 0 cm 

10 cm 

96,560 

400 

Gamma 

4 mm Cu 

j 0 069 

50 0 cm 

10 cm 

110,000 

ra>s 

1 mm Pt 

0 014 

5 0 cm 1 

5 cm 1 

14 593 


(c) Total Integral Dose -per Year fer Man Subjected to the Tolerance 
Dose. Another interesting example of the energy viewpoint has to do with 
the total energy absorbed during a long time interval, a year, for example, 
by a person subjected to the tolerance dose continuously 

Let the mass of the person =: 150 lbs = 68,000 gm 
If We take the tolerance dose = 0 Ir per day, the total energy absorbed 
by such a person m 1 year = 0 1 X 365 X 68,000 gram-roentgens 
= 2 5X10® gram roentgens Tpproximatdy 

Now we base seen that the total integral dose fer 100 roentgens on the 
XXx'’ rays and the other conditions applicable to Table 

= 96,560 gram-roentgens 
= 10® gram roentgens, approximately. 

Since 2 5 X 10* IS 25 times greater than 10®, we see that the total integral 
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dose, or energ} absorbed 6} a person subjected to the tolerance dose during 
one jear, is equivalent to 25 X 100 roentgens, or 2500 roentgens delnered 
to the skin with 200 kilovolt rajs, a field of 10 cm diameter, etc This 
suggests, on the one hand, that a ver> weak roentgen dose delnered for a 
vei) long time has not the same effect as a strong dose for a corresponding 
short time, and, on the other, that it is not adnsable for a worker to be 
exposed continuouslj ewn to dosages wthin 
the tolerance limit • A C 

(d) Relation of Energy Flux through 
Umt Area to a Dose m Roentgens Let ^ 

ABCD^ Fig 165, represent a thm section ► 

of air whose faces AB and CD are 1 sq 
cm in area, and whose thickness AC ~ 

BD ~ X ts a small jraettois of a cents- ^ 

meter Suppose that a beam of x-rajs of 

uniform intensity across AB delivers a dose 

of D roentgens at the center of the thm — ^ *- 


Then the energy absorbed in the volume 

ABCD 

~ D "K m gram roentgens „ ,,, >,>^ 7 , > 

6 ® Fic 16S ABCD represents a th n 

— 85 X LJ X Wl ergs, section of absorbing inxterial trav 

ersed by * rays 

jf m IS the mass of the loliime ABCD 

Now let £■« = the total energj m ergs tvhich his passed through the area 
A By that IS, the flux of energy per sq cm , dunng the time D roentgens was 
delivered to the section Of this total energj, equal to Ey, ergs, only a 
portion is absorbed bj the mass m, because a part, which may be large, is 
either transmitted, or trulj scattered Hence we can wnte 
Ei, X fraction absorbed = 8 5 X D X m 
Now if /* is the true absorption coefficient and p the densitj of the air, «e 
can wnte (see section 136) 

energ} transmitted 




provided m is small, as ir is for a thm section 
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Therefore, energy absorbed = £o - 





P 


where it will be recalled, is the true mass absorption coefficient 
P 

It follows that 


Ei-m = 85 X D X 
P 

IT 85 X -D 

Ea = — — ergs per sq cm 

p/p 


p/p 


ergs per sq cm per roentgen 


The value of ft/p for air varies tremendousl) with the wave length of 
the x-rays used, depend ng as has been pointed out in section 137, on the 
energy absorbed to produce both photo and recoil electrons, as well as on 
scattering Since we are here concerned with energy conversion, that is, 
true energy absorption, 



P P P 


For wave lengths of 0 I A U or less, oa/p + r/p has a mean value of about 
0 028 Hence, /or mch uuave lengths, an energy flux of about 85/0 028 
or 3000 ergs per sq cm must be delivered on a surface to give rise to a 
dose of 1 roentgen For longer wave lengths, the energy flux per roentgen 
IS considerably less, the magnitude falling off rapidly as the wave length 
exceeds 0 15 A U For example, according to published work of Mayneord, 
for X = 0 2, the flux per roentgen is 2000 ergs per sq cm , for A = 0 25, 
1175 ergs per sq cm , for A = 0 3, 820 ergs per sq cm , and for A = 0 35, 
about 600 ergs per sq cm 

From these numbers, one can draw an important conclusion regarding 
desirable protection Suppose a person is subjected to a tolerance dose of 
0 Ir per day because of stray radiation, (a) from a low voltage machine 
emitting a mean wave length of 0 3 A U , or (b) from a high voltage 
machine emitting 0 1 A U In case (b) the energy which each day passes 
through each sq cm of the person’s body (where most of it will he absorbed) 
IS about 300 ergs, whereas m case (a) the equivalent amount of energy is 
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only about 82 ergs It follows that for adequate protection the tolerance 
dose should be less for workers exposed to radiations of short wave length 
than for exposure to fairly long wave lengths In days of super voltages 
and 100 million electron'volt machines this is a matter of considerable 
importance 

165 Specifications of Treatment Conditions — Much more might 
be said about the important question of dosage, bur it is hoped that enough 
has been given to make clear the important underl 3 ing ph}sical principles and 
to enable the radiologist to build on the foundations which have been laid 
m this chapter To sum up, we conclude with an extract from the recommen- 
dations of the International Committee for Radiological Units at the 1937 
meeting. 

“ The specifications of treatment conditions shill include the following 
I Quatettcy — The quantity of radiation (expressed in roentgens) esti 
mated to have been received by the lesion 
ir Quality — (a) The spectral energy distribution of x radiation shall be 
designated bj some suitable index, called quaht) For most medical 
purposes it is sufficient to express the quality of the x-radiation by the 
half value lajer in a suitable material Up to 20 kilovolts (peak) cello- 
phane or cellone, 20-120 Joloiolts (peak) aluminum, 120-400 
kilovolts (peak) copper, 400 kilovolts (peak) up tm For a more 
definite specification of the quality of the radiation the complete absorp- 
tion curve in the same material is preferable (6) Material and 
thickness of filter, including tube walls (e) Target material 
III Technic — (a) Total quantit) of radiation per field (incident and 
emergent) received in an entire course of treatment {/>) Quantity of 
radiation per field measured at the surface (ID*) at each individual irra- 
diation (e) The dosace rate expressed in r/mm dunng each indi- 
vidual irradiation (d) The total time over which a course of treat- 
ments is spread (e) The time interval between successive doses 
(/) The target skin distance (g) The number, dimensions, and 
location of the ports of cntiy '* 

PROBLEMS AND QUESTIONS 

J («t) Make a diagram showing the electric connections when a standard lonieation 
chamber and a galvanometer are used to compare the intensities of x raj beams 

(d) If in a standar \ chamber ions were taken from a \olume of 10 cc and a current 
of 10'» ampere was recorded bj a -ahanmneter, what is ihe intensits of the liram in f 
units per second^ 
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2 Why most a small ionization chamber be calibrated by means of a standard chamber 
if measurement in r units is required^ / \ c 

1 How does the intensity of a beam of x ray-s at a g-nen phce depend on (j) the 
distance from target, (n) the voltage across the tube, (in) the tube current^ 

4 When a small ionization chamber (joined to an electroscope) is placed in a beam 
of X rays at a place 2S cm from the focal spot, the electroscope falls at the rate of 2 1 
divisions per second What is the rate of fall if the chamber is removed to a distance 
of 60 cm ? Ans 0 16 div per sec 

5 A steadily increasing voltage is applied to two plates between which a narrow strip 
of air is kept ionized by a beam of x rays of constant intensity Describe, with simple 
graph and explanation, how the current between the plates alters with the voltage 

6 How would you show experimentally that water is a good phantom for tissue^ 

7 A small ionization chamber is used to measure the intensity of an x ray beam at a 
certain focal target distance, (i) m air, (ii) when the chamber rests on a thick block of 
paraffin, (m) when the chamber is completely surrounded by paraffin Intensities of 28, 
43, and 3S units are obta ned Discuss and expla n these results 

8 Describe an experiment to show that m deep therapy, scattered rays may be the cause 
of a greater intensity at the place treated than the primary beam 

9 The natural leak of an electroscope of capacity 10 statfarads is 0 5 division per 

minute Find the natural leak, if the insulated plate of a condenser of capacity 200 
statfarads is attached to the insulated system of the electroscope, the outer case of the 
electroscope and the other plate of the condenser being grounded 0 238 div 

per min 

to In a standard ionization chamber, ions are driven to a collecting electrode from a 
volume of 10 cc The capacity of the electrode and attached electrometer system is SOO 
statfarads If the intensity of the x ray beam is 0 4r un ts per second, find the change of 
• potential (m volts) of the electrometer system in 5 minutes (l farad = 9 X 10*^ 
statfarads) A ns 4 SO volts 

1 1 Make a diagram showing how a small ionization chamber can be used m connection 
with an electroscope Indicate what parts are insulated and what grounded 

12 Define the roentgen and show, with diagram, how by means of a standard loniza 
tion chamber, the mtens ty of a beam in r units per second may be found 

1 1 Explain what constitutes a good “ phantom ” for x-rays in therapy, and name one 
suitable substance 

14 In deep therapy why is a filter always used between the patient and the target 
of the tube> 

15 An electroscope is joined to the insulated plate of an x-ray standard parallel plate 
ionization chamber (whose other plate is grounded) and the insulated system, whose 
capacity « 1/1000 microfarad, is charged until its potential is 900 volts (i) What is 
the total charge m coulombs on the insulated system^ (ii) A parallel beam of x rays 
passes between the plates of the chamber and ions are driven to the insulated plate from 
a volume of 30 cc If the mtensitv of the beam of x rays is I roentgen per second, find 
how long it will take to discharge the electroscope (and attached plate) 

t microfarad “ 900,000 statfarads, 300 volts = I statvolt, 

I coulomb 5= 3 X 10* statcouloinb 
Ant (i) 9 X 10“* coulomb} (ii) 3 minutes 

16 In an ionization chamber, why must the voltage between the two electrodes exceed 
a certain nuniinuin amount' 
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\7 A tumnr id cm below tl i, lurfaa is treitec! under the following condit ons Port 
of entry = 25 era , Voltage across tulie = 200 kv , Tube ctirnni := f ma , Filter = 0 rr 
turn Co + I mm Al, Target skin distance = 30 cm Effcetise wave length = 
0 IS AU , Percentage of surface intens ty = 40 per cent Discuss the importance ot 
each factor 

18 Discuss the in porfance of the sire of the port of entry m using x rajs for therapy 

19 The insulated clecfroile of an iomzation chamber is /omed to an electroscope, the 
capacity of the sisteni being 10 c g s on ts When an x ray beam of a certain intens ty 
loniaes the air in the chamber, the leaf of the electroscope falls at the rate of i divisions 
per second When a condenser is attacl ed to tl e insulated r jd of the electroscope, and 
an X raj beam of equal intens ty is Used it takes one hour f >r the leaf to fall 25 divisions 
Find the capacity of the condenser ^ns 7190 cgs units 

20 MaFe a diagram showing how a thimble ion zat on chamber might be used m 
conjunction with an electroscope for comparing x ray intensities Give two reasons wb) 
such an arrangement does not necessarily allow you to evaluate intensities in r units per 

21 Describe briefly, 1 sting successive steps, the use of thf Vtctoreen condenser meter 
for measuring an x ray dose in roentgens 

22 What condition must be fulfilled, if an ionization chamber is to be described as 
“air wall Hgw is this cond tion ohta ned practicallj ^ 

23 How would you show experimentally the existence of “ back scatter”? t 

2+ The volume in wl ich ions are produced bj an x ray beam in a standard ionization 

chamber is 20 cc If the intensity of the beam m the chamber is 0 4r per second, find 
how many ions (of either sign) go to (he collecting electrode m i minute 

25 VVhj M the skm dose correspond ng to a certain air dose (i) greater than the air 
dose, (ii) greater for a beam of large aperture than for one of small aperture? 

26 Why IS the T E D (expressed m r units on the skm) greater for wave length 0 2 
angstrom than for 0 25 angstrom? 

27 In a standard loniaation rbamber, ions are driven to a collecting electrode from a 
volume of 10 cc and the capacity of the electrode and attached electrometer sjstem is 
10-® farad When a certain x ray beam traverses the chamber, the potential of the 
electrode and attached system changes at the rate of 2 volts per second Find the 
intensify of the beam tn r units per second 
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RADIOACTIVITY 

166 The Discovery of Radioactivity. — The tnuldlc of the bst 
decade of the nineteenth centurj w-as one of the most fruitful periods in ph)S- 
ical science which has ever existed Within tvso or three )cirs, the electron, 
x-rajs, and radioactivity were all discovered 'I hesc were by no means inde- 
pendent discovcnes because in science, as m life, one thing often leads to 
another A good example of this is found in the discovery of radioactiic 
substances The walls of gas x-ray tubes Strongly fluoresce and m the early 
days It was not unnatural to associate the origin of these msisihlc rats with 
the fluorescence With this idea in mind, IJecqucrcl, a I rcnch scientist, tried 
to sec if certain compounds of the element uranium would emit x-rays after 
being made to fluoresce by exposure to light He was rewarded hy finding 
an invisible radiation, but was soon able to show that it had nothin.: to do with 
x-rays The uranium compound in its normal state, that is, without any 
stimulus by light or by anything else, it as found to emu something which passed 
through a sheet of black paper and affected a photographic plate behind the 
paper This emission, moreover, was perfectly spontaneous Neither heat 
nor cold could start or stop it It was a natural property of the compound 
This original discovery made in lb96 was followed by rapid dctclopnacnts 
and It was not long before it was found that residues of pitchhl cnde , one of 
the ores m which uranium is found, were much more radioactive than pure 
uranium compounds themselves In 1898 Madame Cune, the Polish wife 
of a French physicist, with the assistance of her husband, isolated foloittutn 
and radtum, two substances possessing radioactive powers m a remarkably 
high degree Radium was shown to be an element of atomic weight 226 
with chemical properties similar to the stable element banum 

It IS, however, with the nature of radiations emitted by a radioactive 
ubstance that we are specially concerned, not with its chemical properties 
Fhe radiations, whatever they are, have three outstanding properties They 
oirae the air, or any gas, through which they pass, they affect a photographic 
plate like light or x-rays or positive rays, and they cause fluorescence 
they strike certain substances The lonixation effect will detect sucTi a small 
quantity of radioactive substance that it has been of great importance through- 
out the whole development of the subject, the photographic effect led to 
222 



ALPHA RAYS 


223 


BecquerePs discovery, and the ability of the rajs to excite fluorescence is 
probably familiar to most people because of the radmm-coated watch hands 
which may be seen in the dark 

167 The Nature of the Radiations. —In seeking to find out the 
nature of tlie radiations emitted by a substance like radium, it was natural that 
early investigators should examine what happens when the rays traverse a 
magnetic field The deflection of cathode raj s by a magnetic field had shown 
that they were negatively charged particles What did such a test show when 
radioactive radiations were examined? In principle 
the experiment is extremely simple A narrow beam 
of rajs emergng through the top of a containing 
box B, Fig 166, passes through a magnetic field be- 
tween N and S By such a means the onginal beam 
IS separated into three components ( 1 ) a portion un- 
deflected by even the strongest magnetic field ,‘'(2) 
a second part readily deflected in the direction which 
indicates that it must consist of negatively charged 
particles, and X'3) a third part, Cons stmg of positively 
charged particles, deflected a slight amount in the op- 
posite d rection by sufficiently strong flelds The 
positive particles are called alf hg rays, the negative 
beta, and the undefiected beam, which is of a non- 
corpuscular_na ture, gamma j a) s 

Once wc know that we are dealing with a flight 
of particles, certain questions at once suggest them- 
selves. What IS the mass of each of these particles? What charge do they 
carry? How fast do they mose? How penetrating are they? As alwajs, 
expenment provides the answer to these questions- In the following sections, 
important details are given concerning each kind of radiation 

168 Alpha Rays — (1) As already noted, alpha rays are posiHvc jj 
charged particles Experiment shows that the magnitude of the charge earned 
by 'each particle is equal to two electronic un its, that «, it ts exactly twice the 
charge on a proton 

(2) Measurements of the amount of the deflection produced hj magnetic 
and electric fields (see section 35), combined with a knowledge of the mag- 
nitude of the charge, sh ow that each alpha pa^cle has a mass about four times 
that of Tjiidiegen.^m Cotrihining (I) and (2) we see that this particle 
is'iS^ml^dly^lom of atomic weight 4 and atomic number 2 


a V 





Fiq 166 A magnetic 
field separates the radi 
at ons from radium into 
three groups The deBec 
non of the (S beam is 
towards the observer, of 
the a beam away from 



224 


I^DIO^CTIVm' 


(3) Alpha rajs cause intense ioni7atton as thej traverse a gas This is 
beautifully' shown bj' cloud track photographs (see section 131), such as arc 
reproduced in Fig 167 and Fig 168 In Fig 167 each white line represents 
the path of a single alpha particle In its flight it causes such intense ionization 
that the little droplets formed on ions arc so close together that the) give rise 
to an unbroken cent nuous streak of light On the avcra y^ c an al pha particle 
makes about 3000 ion pairs per millimeter of its path 



Fig 167 Cloud track photograph show ng a shower of alpha 
partcles ejected from a small source 

The photograph of Fig 168 shows the tracks of but two alpha particles 
In the left hand track of th s figure it w'lll be noted that the path turns through 
a small an^^le to the right and then just before the end of the track, it makes a 
second and much sharper turn to the left These sudden turnings arc evidence 
of the near approach of the alpha particle to the nucleus of an atom Ordi 
nanljr this heavy part cle ploughs along w'lthout being deflected out of its path 
even when passing right through an atom Occasional!), however, the parti 
cle m Its passage through the atom passes so near the nucleus that its direction 
IS altered as shown m the photograph The stud) of such deflect ons, that is 
of scattenng when alpha raj s strike a thm sheet of gold led to estimates of 
the size of the nucleus, and to the picture of the atom we have given in 
sect on 36 

On rare occas ons an alpha particle stnkes a nucleus ‘ head-on,” and in such 
cases th ngs happen as we shall see later (See section 179) 

Tracks of partcles may also be revealed by the use of the photographic 
emulsion on a plate or film If for example an alpha particle traverses such 
an emulsion on development of the plate or film its track is readily visible 
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Since the tracks of such pirticles in emulsions ire cxtreniel) short, the photo 
prapluc rcproilucti )n is usiii!l> liii’hl} m^mfied A good example of such an 
ilphi ra) trick is seen m the left side of his 205, 


the reproduction of a photograph kindlj gitcn 
the luthor h) Dr Pierre Demer;, of the Univer- 
sit} of iMontrcil 

(4) When the) strike _ccrtam substances, alpha 
rajs cause marked fliioreKencc, a properij which 
is”mailc use of in the spjnthinscopc, one of the 
earl) radioactive to)s In this irnngement, a 
♦ipeck of radioactive maicnal is placed near a 
screen coated with 7inc sulphide and, with c)es 
rested, the screen is viewed through a niigmfy- 
>ng glass m a darkened room L-ntle flashes of 
light ire seen to dance about in irregular fashion, 
somewint IS if m a pitch of skv the stars kept 
disappearing in one place and reippeanng m 
another Each scmtilhtion corresponds to the 
impact of an ilphi particle on the screen We 
hive cilletl this a toy hut, as a matter of het it 
W 1 S the basis of more than one mv esci^ntion m 
which the mimher of ilpha particles leaving a 
source in a given tune was counted, and it was 
used with success in determining how far both 
alpha panicles and protons tnvel before the) ire 
no lon,,er able to ionize 

(5) Alphi nvs have i speed which vanes with 
the radioicuvc source from which they are 
emitted, but for the most part is b etween one fif - 
teentb ind one tenth of the velocit) of ligh t It 
is vvorfh'noting'niat alpha fiirtidcs, whose speed 
IS a little less than one-twentieth of the velocity of 
lizht, have about four mill on electron volts (4 
mev) of cnerg) Alpha particles are emitted 
from some sources with energies as high as 8 mev 
In fig MP n* wi’I’ dir mivVvd AVav" Ah? Aianb* cinwv 
to an abrupt end This is due to the fact that 
once the velocitj falls below a certain value, an 



ilpha particle is no longer able to ionize Tbe^tual^rang^n air over which 
thej can. ionize_is_£nl) a few centimeters never mo re_t han 8 6 cm 
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(6) It follows from this that alpha ra>s are readilj absorbed b) solids The) 
are completelj cut off by a sheet or two of ordi- 
nary paper, or b} a thickness of about 0 006 cm 
of aluminum, and they cannot get through 0 1 
mm of epithelial tissue It will be evident, there- 
fore, that if a radioactive substance is enclosed m 
a glass tube (unless extremelj thin), alpha rajs 
will not get through the glass 

To examine the alpha ray emission from a sub- 
stance, an electroscope of the tjpe shown in Fig. 

169 is used The insulated rod of an elcctro- 



Fic 169 An alpha ray electroscope 

scope extends, through insulating material, into 
the lower chamber, where it is attached to a 
disc D The radioactive material, placed on th^ 
earthed platform, gives off radiations which lon^ 
ize the air in its vicinity When the electroscops 
is charged the leaf falls at a rate which is pro 
portional to the amount of ionization, and henc^ 
to the quantity of radioactive matenal 


169 Beta Rays — (1) Beta rajs art 
nothing but high speed electrons shot out of radio _ „ 

^ ^ , , , Fic 170 Cloud track photo- 
active substances with velocities which cover ^ graph of a fast beta ray The 

wide range, but maj exceed nine tenths of the ve. ‘f^gularly curved line of dots 

1 r 1 'T' " — -I — . arises from a slowly mov ng 

locity of light To acquire a speed equal to the electron 
fastest beta ray — over ninetj-nine per cent of 

the velocity of light — a cathode ray would h^ve to fall through a potential 
difference of over three million volts 
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(2) Beta rajs i onize a_ga s, although not so intensely as alpha xajs The 
difference will be etident bj a comparison of Fig 170 with either Fig 167 
or Fig 168 In Fig 170 the straight line of tiny dots marks the path of a beta 

ray moving so quickly that it is not deflected out of its path On the same 
photograph the curved irregular path near the middle is due to a slow 
electron which is easily turned as de by collisions The student should also 
examine Fig 196, where the photograph shows very beautifully the curved 
path of an ionizing particle like a beta ray or an electron when it is constantly 
deflected b> the presence of a magnet c field By way of comparison » ith an 
alpha particle, note that a beta ray creates from 10 to 20 ions per millimeter 
of Its path 

The tjpe of electroscope shown in Fig 123 may also be used for studying 
beta raj lonizution If the radioactive material is placed outside the window 
IV, a moderate thickness of paper will exclude alpha rays Altematelj, the 
rvmdow can he removed, the metal wall of the Container being continuous, 
and the chamber can be designed so that a tray containing the radioactive 
material can be placed inside, at the bottom Here again, a sheet of paper of 
suna^le thickness can be used to remove the alpha raj s 

(3) Beta rajs being of small mass and of high speed, are much more pene- 
trating than alpha raj s The fastest will pass through several millimeters of 
a low density metal or of tissue, and traverse as much as ten feet of air before 
thej are stopped They are, however, completely slopped by less than 0 5 mm 
of gold or of platinum, or by about 0 4 mm of steel or monel metal * It 
will be seen then, that, by placing a radioactive substance m a suitable container 
It is not a difficult matter to remove both beta and alpha raj's 

y 

170 Gamma Kays Gamma rays are electromagnetic waves of 

the same nature as x rajs, but for the most part of shorter wave length The 
actual values of emitted wive lengths depend on the radioactive source, and 
for a given source more than one wave length is emitted From radium C, 
for example (see section 178), there are waves as long as 02 angstrom, a 
value m the therapy x raj range, and is short as 0 0056 angstrom 
^(2) Some gamma raj s are so penetrating that a thickness as great as 1 0 cm 
of lend will not completely alwrb them A thickness of platinum or of gold 
equal to 0 5 mm , which we haie seen complete]) absorbs beta rajs, absorbs 
onij about ? per cent of the gamma raj s emitted from a salt of radium enclosed 
m a tube Muscular tissue, 2 cm in thickness, reduces the intensitj onlj 5 per 

• For enact exam nation of the jen tration of beta rajs use is made of alxorpt on 
coefficients and the relation / « /of as m x rays 
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cent, and even after traversing 20 cm , the rays emerge with over 60 per cent 
their original intensity 

As with X rays, the actual absorption coefficient varies with the wave length 
but an average value enables the radiologist to estimate with sufficient accuracy 
for most purposes the absorption caused by vanous materials In this connec- 
tion the numbers given in Table XXXI* are useful 


Table XXXI — absorption coefficients for Gamma rays from radium 


Substance 

Coefficient 

Aluminum 

0 007 

Lead 

0 088 

Plat num 

0 139 

Gold 

0 140 

Monel 

0 021 

Brass 

0 020 

Muscle 

00024 

Epithelial tissue 

0 0024 


0 0055 

Water 

0 0026 

Paraffin wax 

0 0022 


The coefficients given in this table are used in the same way as the linear 
absorption coefficients of x-rays, as explained in section 136, with the excep 
non that when using the values given in Table XXXI, the thickness of the 
absorbing layer must be expressed in millimeters, not centimeters Thus if 
/o 15 the intensity of the gamma radiation from a radium salt incident on a 
lajer of aluminum x mm thick, /, the emergent intensity, is given by the 
relation 

or, by the equivalent relation 

2 10 

/i — 0 007 — (login 7o — login 1) 

If the thickness of the absorber ts small, these relations may be replaced, with 
ler) slight error, by the simpler expression 

/ = /o(l 

from which it follows that the 

fraction absorbed = fix 

• Taken RaJ.um Do^irc Bullet n \o 17 of the Nifional Research Council of 
la Bv G C Liurencc 
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For eximplf, } mm of alummurn absorbs about 0 007 or 0 7 per cent of the 
incident gamnn radntion from a radium source , 0 5 mm of gold about 
0 140 X 0 S or about 7 per cent, 0 25 mm of platinum about 3 5 per cent, 
ind 1 mm tissue about 0 24 per cent 

<3) Gamma rajs io nize a ga s throug h. ujiieli. thej pass This ionization is 
emission ol jecajsdar'^ beta ra^i which results whenever 
gamma rajs trater^ matter Secondary beta rajs maj have velocities high 
enough to enable thein'to traterse several meters m air or a few millimeters 
in tissue before being stopped This means that, w hen a radium salt is enclosed 
in a tube like platinum, of sufSrient th/cJtJiess to absorb oompkte)} the ongina] 
beta rajs, that is, the frtmar) betas, the gamma rajs will cause an emission of 
secondary betas from the platinum In radium therapi it ts therefore neces- 
sarj to surround the metal wuh a secondary fi lter of such a matcnal that it 
absorbs the objectionable secondary betas, and does not emit intense secondary 
beta rays itself bor this purpose, a matenal like rubber has been used to a 
considerable extent, although recently Qininby and co-worters have shown 
that “ the secondary radiation is considerably Jess for substances of intermediate 
atomic number than for those toward cither end of the atomic scale ” Stain 
less steel or nickel, for example, are sometimes more suitable than rubber or 
celluloid 

(4) When gamma rays traverse matter, a certain amount of icattenng 
takes place, the amount depending on the quality of the primary beam and on 
the scattenng matcnal The reduction of intensity when a primary beam 
traverses a layer of matter such as the walls of a metal tube containing radium 
IS due, m part to scattering, in part to true absorption corresponding to the 
emission of secondary beta rays The absorption coefficients given in Table 
A XXI take into consideration both of these factors 

Since gamma rays are of the same nature as x-rays, it should be evident 
from the discussion m section 132 that, with materials of low atomic weight, 
like air, water and tissue, secondary beta rays are almost entirely recoil elec- 
trons Because of the shorter wave length of gamma rays (and hence the 
greater amount of energy h in a photon of a gamma ray ), the velocities of 
the secondary betas or recoil electrons are hijh enough to enable them, as we 
have seen, to traverse several meters in air Gamma rays of wave length 0 02 
angstrom, for example, give rise to recoil electrons with a maximum range 
of rte order of 4 meters in air or S mm m tissue 

If a beam of gamma ray s is used for the treatment of deep seated tissue, 
the scattered rays from surrounding tissue add to the dose delivered to the 
region under treatment, or, in this case the effect of those scattered rays is to 
reduce the apparent absorption of tJie primary beam Because of the true 
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absorption of energy represented by recoil electrons, the wave length of gamma 
radiation is increased after scattering, that is, the beam is softened (Read 
again sections 128 and 132 ) j 

(5) The electroscope illustrated in Fig 123 (with window replaced by 
metal) may be used convenient!} for stud} mg the relative intensities of the 
gamma radiations from two sources, provided that the thickness of the walls 
of the chamber is sufficient to absorb all the primary beta rays from the sources 


171 Geiger-Mueller Counters — In section 168 a brief reference 
was made to an expenment in which the number of alpha particles leaving 
a source was counted by observers 
I making use of scintillations A much 

' better method is provided by the use 

^ ^ of an electrical counter, a device 

which has the additional advantage 
' that it can be used for many other 

purposes, some of them of great 
importance in radiology 

I 1 1 Fundamentally counters make 

rF 1 use of ionization and ionization 

I chambers To understand the basic 
principles, consider the specific prob- 
Fic 171 / represents an ionization chamber lems of (a) detecting b} an electncal 

with central electrode joined to an electro- , , , , i i u 

meter method the entr} or a single alpha 

particle into an ionization chamber, 
and (b) of counting the number which enter in a given time Suppose an 
alpha particle enters an ionization chamber /, Fig 171, consisting of an outer 
conducting cylinder maintained at a high negative potential and a central 
electrode W joined to a simple electrometer As has been ind catcd, an alpha 
particle on the average creates some 3000 ion pairs per millimeter of its path 
tn air at atmospheric pressure Therefore, if its ionizing path in the chamber 
IS, sa} 5 cm It will create 3000 X 50 or 1 5 X 10® ions If we assume 


no recombination, IS X 10® particles, each with the electronic charge of 
4 80 X 10 statcoulomb, will be dnven to the central electrode, that is, 
It and the attached electrometer will acquire a negative charge of 1 5 X 10® 
X 4 8 X 1 0 or about 6 4X1 0""® statcoulomb 

Since the capacity of the S}stem acquiring this small charge is also small, 
the resulting change in potential is of the order of millivolts or even less 
With an ordinary t}pe of electrometer such a potential pulse, as we may call 
It, would not be observed On the other hand, by joining the collecting elec 
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trcwlc to 1 suitiHe \iciuii« tube circuit, for example, to the gntl of an rp54 
liilir, the arnvi) of the pulse due to the entrance of m ilpJn particle into the 
chtmher cm he registered md ohserted 

Now, supjKWc a Micccwon of niphn particles enters n chamber, possibly a 
large number per second int arrangement can be made to obtain a corre- 
sponding number of observable electrical changes per second' The answer 
to that question was first given m 1908 b) Rutherford and Geiger, Jong 
before the da} $ of electronic dei ices Suppose that the \ oltage applied between 
the collecting electrode and the outer case of the chamber is made sufficiently 
high tint the ions or clcttrons in their passage through the strong electric 
field near the electrode acquire enougii cnerg) to ionize b) collision In that 
case, each original ilectron or ion 


creates many more, because each of 
the second ucncralion it speeded up 
to loni/c bj collisifin, the process 
being rapid!) cumulative, so that the 
onginal 1 S X 10* ions is multiplied 
many times Under such conditions, 
the pulse of potential given to 
the fibre of a string electrometer 
attached to the collecting electrode 
ts creat enough to be observ ed This 
was the principle cmpIo)cd by 
Rutherford and Geiger who stated 
that “ the current through the gas 



Tie 172 \STicn a larce ionization current 
itevelops suitdenly in the ionization chamber 
Iiecausc of the drop in potential along the 
resistance K , the P D between ihe electrode 
// and the chaml>er wall drops sud lenly 


due to the entrance of an alpha particle into the detecting vessel was magni- 


fied . . . stifficicntl) to give a marked deflection to the needle of an electrometer 


of moderate scnsitivii) ” Their “detecting vessel” was the parent of the 


modern counter. 

In order to count a rapid suceastoH of alpha particles, the cumulative dis 
charge in the chamber folfowuig the entrance of a single particle must be 
quenched m a very short time Obvaously the shorter the time, the more rapid 
the counting which can be made This book is not the place to go into details 
regarding quenching mechanisms, but one or two factors involved are worth 


noting 

Swpptzse a circuit is arranged as m Fig 172, where \V, a fine wire, is the 
collecting electrosle, R a high resisLince, and £ the E M F of the source used 
to create a potential 'difference between IE and the wall of the chamber 
Wth no ionization current, this P D is equal to E volts But if the ionization 
current following the entrance of a particle suddenly nses to I amperes, then 
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this P D dnps to E — IR Hcncc, the strength of the electric field m the 
chamber quickly drops to a viliic, which, b) proper choice of R ind by suitable 
design of the chamber, is not gre it enough to maintain a discharge Moreover, 
because negative electrons mo\e much more rapidly tlian the heavy positive 
ions, during the period the loniiation current exists, there is a rapid removal 
of electrons to the wire U , accompanied by a comparatively slow movement 
of positive ions towards the wall Plus slow movement of positive ions gives 
rise to a positive space charge whose presence still further weakens the field 
near the wire \V and assists quenching 

The beginner, however, need not be concerned greatly about quenching 
mechanisms, if he has grasped the essential ideas that the entrance of a single 
ionizing particle into a counter chamber can be observed and recorded, and 
that the corresponding ionization current in the chamber can be quenched so 
rapidly that the entrance of many particles every second can be counted 

By recording photographically on a moving film the movements of the 
fibre of a string electrometer, the entry of several hundred particles per minute 
can be recorded Modern counters, however, make use of different types of 
vacuum tube circuits, some of which can record mechanically pulses as rapid 
as 3000 per second For recording rapid pulses mechanically , so-called ” scal- 
ing circuits” are used in connect on with the counter For example, the 
“ scale of two ” in common use, employ s electronic devices designed so that a 
register is made for every 2 particles entering the chamber, or every 4, 8, 
16, etc 

Proforttonal Counter Depending on the applied voltage between the cen- 
tral wire and the wall of the chamber, counters are used m two mam ways (i) 
in the proportional region, (ii) in the Geiger region A proportional counter 
is used w th such a range of voltages that the flow of charge to the central elec- 
trode following the cumulative ionization, although many times greater than 
the initial number of ions created by the original ionizing particle is always 
proportional to this initial number With such a counter, therefore, one can 
readly distinguish between the entrance into the chamber of a high speed 
electron or a beta ray and an alpha particle because of the much smaller num 
ber of ions created by the electron than by the alpha particle The observed 
signal caused by the entrance of an electron will consequently be much less 
intense than in the case of the alpha particle 

Getger Mueller Counter Beyond the range of voltage suitable for a pro- 
portional counter, there is a region of still higher potential differences such 
that the flow of charge to the central wire following cumulative ionization is 
independent of the number of ions created by the original ionizing particle, 
being just as great for a beta ray as for an alpha particle A counter designed 
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for operation in this region is called a Geiger-Mueller, or sometimes s mply a 
Geiger counter In a properl) designed counter of this t>pe, there js a con 
sidcraWc range of voltages (the phteau region) such that the number of 
counts per mmuie recorded b) the counting mechanism is independent of the 
actual value of the voltage, a necessar) condition if the number of counts per 
minute is to equal the original number of particles entering the chamber 
each minute 

Gciger-Mueller counters can be used for manj purposes, their construction 
and design naturallj varjing somewhat with the use to which the) are put 
The importance of suitable potenual differences has alread) been indicated 
T v\o other important variables are the nature of the gas m the chamber and 
the gas pressure With regard to these factors there is considerable leeway 
Pure gases like h)drogen, helium, nitrogen, have been used, also mixtures 
like argon Ii)drc)j3en, netm-hjdrogen, argon and alcohol vapor, and vanous 
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Fio 173 Ion zatioiY chamber for a Ge gcr Murller counter suitable for alpha particles 

polyatomic gases, such as methane for example The range of pressures is 
considerable, but for the most part fairl) low, of the order of 13 cm diz 6 or 
7 cm of mercury 

The construction of a Geiger counter, designed especially for alpha rays, 
IS illustrated in Fig 173, a diagram reproduced from the book Electron and 
'Nuclear Counfers, by K.orfT, by kind permission of the author and the pub 
Ishers, D Van Nostrand Compan), Inc, New York The glass window 
must he thin enough to permit the passage of alpha particles 

Of great importance to the radiologist is the fact that Geiger»MuelIer 
counters can be used to detect and to measure x-rajs and gamma radiation 
This IS possible because of the secondar) electrons (photo or recoil) produced 
bj these rachavons. If a photon on entenng a chamber causes the em ssion of a 
secondary electron, the electron can ionize along its path, and counter action 
IS possible Sometimes to increase the sensitivttj of a counter for certain tjpes 
of radiation, the wall of the chamber is coated with a matenal giving a marked 
photoelectric emission when struck bj the radiat on to be tested 
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Reference to counters suitable for detecting and counting neutrons will 
be found tn section 198 

172. Radium in Treatment. — In therapj , radium is us e dj ^hre e im- 
portant W 3 )S ( 1 ) A small amount of a radium mITIs enclosed in a tmj tube 
or needle, made of such metals as steel, monel, platinum, platinum-indium, 
and gold Although radium can be obtained in the metallic state, normall} it 
IS used as a salt m the chlonde, bromide, or sulphate state. This needle, or a 
pack consisting of a group of scseral needles, is then used as a source of radi- 
ation Usually the filtration is sufficient to restrict the rajs to gamma onlj, 
but with thin walls some primarj betas can emerge As alrcadj noted sec- 
ondary betas emerging from the metal container can be remos cd by additional 
filtration 

The amount of radium used in a single needle is of the order of a few milli- 
grams An applicator maj be placed m contact with the tissue, or, if suffi- 
cientlj powerful, at a few centimeters from it 

(2) In radtum beam therapy, the source is a bomb containing seseral grams 
of this radioactive clement In this case the patient, or more accuratelj, the 
tissue under treatment, is subjected to an intense beam of gamma raj's 

(^^Ncedles or seeds of radon or radium emanation, a radioactive gas manu- 
factured bj radium, arc frequenilj used instead of the original radium salt 
Small glass tubes containing the radon maj be embedded or implanted in the 
actual tissue under treatment, or thej maj be placed within metal containers 
like the needles mentioned above The difference between the use of radon 
and radium salt is explained below. 

All the above methods, it will be noticed, deal essential!} with gamma 
ray therapj As already indicated, a certain amount of beta radiation is possible 
when a radium source is embedded m tissue Since biological effects are almost 
certainly the result of ionization in tissue, and beta rajs are ionizing agents, 
beta ray therapy cannot be ov erlooked This is particular!} true in connection 
vvith the use of the many artificial radioactive isotopes (discussed in Chapter 
XVII) which can be injected into the human body, cither as tracers or for 
possible selective absorption bj specific organs 

173 Strength of a Radium Source — When radium needles are used, 
the dose delivered to the region treated depends on several factors (1) the 
time of application, (2) the distance of the source from the diseased ossue, 
(3) the amount of absorption by the materials enclosing the radium salt and 
by tissue, and (4) the total quantity of radium sealed in the tube, that is, on 
what we may callihe strength of the source 
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The strength of the source is expressed in millignms of radium, and n is 
meisured h} direct compansim with a standird In I9J2 a tube containing 
16 7+ milJigrims of radium in the form of ndium chlonde, prepared b> 
Madame Ctme, was adopted as an international standard b} a Committee 
of the Congress of Radioing) and Electncit) This is kept in the Interna 
tional Bureau of Weights and Measures at Set re, near Pans National sec- 
ondar>* standards ha\c been made b) companson with the international 
"Standard, and arc in the possession of such institutions as the National Physical 
Laboratorj in England, the Bureau of Standards m Washington, and the 
Nationaf Research Laboratories in Canada When a radiologist hu)s a 
radium needle, its strength has been found b)' comparison with a National 
Standard and it should be accompanied by a certificate which reads like the 
follow in IT one 

TJiii certi^et that thf ahone described nsadle has been compared xvsih the 
standards of the Xattonal Research LaboratorteSj and found to emti gamma 
radtation equr^aUnt to x niMgrams of radium tn equilibrium with its disinte- 
gration products and contained *n a Tkunngtan glass tube 0 27 mm thick 
Note that comparison between the specimen and the National Standard is 
made b) usm^ gamma rajs onlj This is readilj done by using an electro- 
scope with a lead wall of sufficient thickness to absorb completely all beta rays 
falling on it The specimen to be measured and the standard are placed 
succcssisel) at the same distance from the electroscope, and m each case the 
rate of discharge measured The two quantities of radium, as measured bj 
gamma n> emission, are then m direct proportion to the rates of discharge, 
corrected m the usual way for natural leak 

The meaning of the phrase “ in equilihnum with its disintegration products ” 

IS explained in section 177 

Alfernatisc methods of stating the Strength of a radioactive source will be 
found in section 1 78. 


174 Dose in Roentgens — In gamma ray therapj, doses are now 
expressed m roentgens Measurements by a number of different expen 
meniers, using air-wall chambers, indicate that “ for present medical purposes 
the quantit) of gamma radiation received m one hour, at a distance of 1 cm 
from a point source containing 1 milligram of radium element surrounded by 


* Jij add non ip »he important U S standard, a senes of substandards base been 
recenth prepared under the direction of the Comm ttee on Sundards of Radioacfnity 
of the National Research Council of the United States These standards have been or 
will be deposited at the Bureau of Standards in Washnigton and are to be used as work 
,„g standards for investigators who may desire them 
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0 5 mm platinum may be regarded as approximate!) equivalent to 8 roent 
!?ens ’ (Proposals of British X-Ra> and Radium Units Committee, 

1937 ) 8 4 IS probably a better mean value If no correction is made for 

wall thickness, the number of 9 may be used to estimate the approximate 
dose Stated otherwise, the above means that an estimate of the dose m 
r units, uncorrected for absorption or for finite size of needle or of number 
of needles in an applicator, may be made with fair accuracy, by the following 
relation 


9 X milligrams of radium X time in hours 
(distance in centimeters)* 


roentgens 


For example, for a 10 mg needle, used for 2 hours, the dose at 5 cm from 
the source is ^ ^ ^ ^ or 7 2 roentgens If the needle is surrounded by 

0 5 mm of gold, by using the coefficient 0 14 for gold given m Table 
XXXI, we see that this dose when corrected for absorption by the gold, is 
(1—05X0 14) or 93 per cent of 7 2 

For more accurate work, especially where a number of needles are combined 
in different arrangements to make applicators of different shapes, there are 
available dosage tables which a rad ologist can consult 

Measurements at the Memorial Hospital, New York, indicate that the 
erythema dose resulting from gamma radiation corresponds to a mean value 
in the neighborhood of 1000 roentgens 

Before leaving this question of dosage, we again quote from the Recom- 
mendations of the 1937 International Congress of Radiology “ The specifi 
cation of the conditions of gamma-ray treatments should, where possible, 
include statements of — 

I Quantity — The total quantity of radiation (expressed in roentgens) 
estimated to have been received by the lesion 

II Particulars of Radium Source — (ff) The total amount and nature of 
radioactive substance employed (expressed as equivalent mgm of radium 
element) (i) Type, number, and distribution of the containers 
(c) The matenal and thickness of filters and the nature of the material 
externally adjacent to the skin 

III Technic — («) In the case of surface applicators, or “large radium 
units,” the quantity of rad ation per field at the surface (i) The dosage 
rate during each individual irradiation (c) The total time over which 
a course of treatments is spread {d) The time intervals between suc- 
cessive irradiations (c) In the case of surface appl cators or large radium 
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175. Radon -Suppose . radm^ 
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dilute Vn iect d It IS found, b> testing with an electro- 

U the gases driven off arc collect radioactive If measure- 

ape, that the tube containing t ^ gamma-ray electroscope, it 
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noticed that at first the acti y , ,f the tube is examined every 
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emanation or ration From a gram of radmm, onlj about three fifths of a 
cubic millimeter at atmospheric pressure, enn be obtained Radon has been 
shown to be an element of atomic weight 222, bclonginj, to the family of the 
rare gases Chemical!), there is nothing remarkable about it, but in radi- 
ologj It IS of tremendous iinpomnce With __ 


a suitable emanation phnt, it is possible to 
keep a siippl) of radium, and u ithout totich- 
the origin tl source, to seal the radon 
into glass tulws md use them instead of 
ndium needles figures 1/4 and 175 arc 
photographs of an cmamtion phnt designed 
h) G failla of the Memoml Hospital, 
Kew ork, and instilled bj J E Rose, m 
the United Stites Mmnc Hospital, Haiti’ 
more 

To use a radon tube intclhgentl), ir is 
ncccssar} to be fimihar uith the law gov- 
erning Its loss of activifj, thit IS, of what is 
called Its decay If we plot the results of 
T able X VXII, activit) igamst time, we 
obtain the cunc I shown in 176 
Examination of this curse shows it to be 
exponential, that is, of exactly the same 
shape as that gisen in curse 1, Fig 126 
That figure, it svill be recalled, illustrates 
the reduction in intensity of a homogeneous 
beam of x raj s as a resul t of a bsorption As 
alread) indicated m section 1 1 2, we can 
describe in three wajs an exponential law 
In terms of curve I, m Fig 176, showing 
the decay of radon, ssc may state (I) 
Each day the activity decreaies by 16 5 
fer cent of the activity of the f receding day 
Thus, if wc decrease 83 5 bj 16 5 per cent, 
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Tic 17S Gjnlro] punel for ndon 
apparatus shown in Fg 174 Ihe 
control roon and the radon appara 
tus are sepsMwd bp a two- foot 
concrete wall 


we obtain 69 7 Or, if we decrease 69 7 


by ] 6 5 per cent, w e obtain 58 2 (2) In 3 82 days the actn ity has decreased 

one half This time is the halj-penod of radon (3) The curve is ex 


ponentiaJ, and therefore is described b> the law I zs. where /eisthe 

initial activity, t is the time, and A is a coefficient From this law it follows 


as already shown m section 1 12, that the logarithm of the actiwtj decreases b> 
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the same amount each day (or any time interval) This is shown by th 
numbers in the last column of Table XXXII 

If we use logarithms, the exponential law may be written 

2 30 (logio h - logio ^ . 

For radon, this gives us 


2 30 X 078 


= 018, 


if the time is expressed in days 

It IS left as a problem for the student to prove that T, the half-penod, 
that IS, the time in which the activity falls by one half (from I a to for exam 
pie) IS connected with A b) the relation 

0 69 



For X = 0 18, this gives 3 82 days for T 

176 Growth of Radon — Sup- 
pose from a supply of radium chloride 
kept in solution, all the radon is col- 
lected at various time intervals It is 
found that, when the solution has been 
left untouched for a month or two, the 
radioactivit) of the collected radon at the 
end of such an interval is just as great 
as when the solution is left untouched 
for SIX months, or a j ear, or two years, 
or any long period On the other 
hand, if the radon is collected after 
intervals of 1 daj, 2 dajs, 3 dajs, 
and so on, the activity is found to be 
greater the longer the interval, until a maximum is reached after about 
one month The numbers m Table XXXIII and curve 2 in Fig 176, 
show the exact rate at which the activity increases, maximum activity being 
assigned the value 100 

The figures of Table XXXIII are readily interpreted in terms of two 
processes (1) The manufacture or growth of radon at a constant rafe^ and 
(2) Its decaj in accordance with the law already explained, namely, that 
each day the loss of activitj of radon is 16 5 per cent of its activity the preceding 
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day. If we start uitSj a qvantit} of radium salt initially free from radon, 
each day a certain amount of radon is manufactured, and it first the total 
amount steadd> increases But, as the total quantity increases, the amount 
decaying also increases, until ultimately a balance is reached when the Joss 
in a daj. due to deca) is exactlj equal to the amount added 


Table XXXIII — growth or eaoilm emahation trom radium 


Time Interval 

Percentage of Maximum Value 

1 day 

165 

2 

303 

3 

41 8 

4 

514 

5 

59 4 

10 

SSS 

20 

973 

30 

' 995 


A financial illustration maj not be amiss Suppose a man deposits m a 
bank $16 50 everj da), and, in addition, each day (after the first) before he 
mikes his deposit withdraws 16 5 per cent of the amount to his credit His 
account will increase m exact!) the same way as the figures of Table XXXIII, 
hut It will neier exceed $100 00 IVhen that amount is reached, he takes 
out 16 5 per cent or $16 50, and puts in exactly the same sum Equilibrium 
has been obtained 

177 The Curie and Milhcurie. — In much the same wa), when radon 
accumulates in a vessel containing a radium salt, a fixed maximum balance or 
eqwlthrtutn amount is reached m a little oier a month’s time If the quantit) 
of radium is 1 gram, the equilibrium amount of radon is called 1 cww, or if 
1 milligram of radium is available, the equilibrium amount is I millicune (me } 
In actual practice, provided the original quantit) of ndium is sufficient, it is 
not necessar) to wait until equilibrium has been established From the num* 
hers given in Table XXXIII, it should be esadent that from a 100 mg suppl) 
of radium, ever) day a tube containing 16 S me could be obtained From 
a 1000 mg source 165 me of radon are asailahle ever) da) This can be 
subdivided among a number of tubes or seeds For example, sixteen tubes 
each containing about 10 me can be supplied ctery da) b) a center possessing 
1 gram of radium and an emanation plant 

The use of radon tubes has the great advantage that the onginal radium 
suppl) 1$ left untouched, with no danger of the loss which sometimes occurs 
when radium needles are used Moreover, from a single center tubes with 
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in initnl activity of the same order as that of small radium needles can be 
sent all over the countrj On the other hand, in reckoning dosage, radon 
seeds have the disadvantage that correction must be made for the decay in 
activity That, however, involves only a little arithmetic 

Although, strictl) speakin?, a curie is the amount of radon in equilibrium 
with one gram of radium, the practice of expressing strengths of radioactive 
sources m general in terms of this unit has become fairly common Certain 
objections to this practice, as well as a suggested new unit, will be found in 
section 178 

Disintegration and Nature's Transmutation — If radium ema- 
nation disappears, and this seems to be the case, since it steadily loses its 
radioactivity, what becomes of it^ As always, experiment helps provide the 
answer When a metal wire, preferably negatively charged, is inserted in a 
tube containing radon, left for two or three hours, and then removed, it is 
found to be radioactive Careful investigation shows that the wire is coated 
with an invisible layer of solid material to which the name active deposit is 
given If the coated wire is tested by an electroscope at successive time inter- 
vals of about 10 minutes, it is observed that the activity steadily decreases 
Now what IS the explanation of these changes? The story of the unrav- 
eling of these somewhat mysterious radioactive processes, one of the most fasci- 
nating in the history of physics, was first given by Rutherford working m 
collaboration with Soddy, about the beginning of this century To understand 
It, the student is first asked to recall that an alpha particle has a mass of 4 on 
the atomic w eight scale and a charge of 2 positive units It is, therefore, an 
ionized atom of atomic weight 4 and atomic number 2, and these numbers 
strongly suggest the element helium Evidence that an alpha particle is indeed 
a doubly ionized helium atom was found in the early days of the study of 
radioactivity Helium was found occluded in radioactive ores, and in 1903 
Ramsay and Soddy showed that it was present m radium emanation But 
most striking of all was a direct experimental proof made in 1909 by Ruther- 
ford and Rojds Alpha rays from a radioactive source enclosed in a tessel 
were allowed to escape through an extremely thin glass window into a second 
vessel, where they were collected By a spectrum test it was shown that 
helium was present m the second vessel in an amount which gradually increased 
with the number of alpha particles collected This proved conclusively that 
alpha particles were nothing but the nuclei of helium atoms 

\\ e may conclude, then, that the element radium shoots off atoms of helium 
In considering where they come from, it is well to recall that the difference 
between the atomic weight of radium, 226, and that of radon, 222, is 4 T he 
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conclusion that the alpha particle is ejected right out of the nucleus of a radium 
atom can scarcely be atoided It is an example of the disintegration of an 
clement which occurs spontaneously with radioactive materials, and it is this 
property which distinguishes a radioactive element from a nonradioactive one 
The nuclei of the atoms of radioactive elements are unstable, those of ordinary 
elements stable <In Chapter XVII, we shall see that it is possible to create 
unstable isotopes for manj elements whose normal isotopes are stable ) Due 
to this mstabiht), ever) now and then an explosion occurs, and a particle is 
ejected from the nucleus, leaving behind the nucleus of a new atom This 
process^ therefore^ is a genuine example of the transmuntion of one dcrocot 
into another Radium, a metal belonging to the barium familj, is transformed 


a 



Fig 177 Schematic representation of transformations from radium 
to rai urn Cor lead 


by the ejection of alpha particles, mto ndon, a member of the rare gas group 
Since the atomic number of radium is 88 and the alpha particle has an atomic 
number of 2, the atomic number of ndon must be 86 

This transformation or transmunnon from radium to radon js but one step 
m -i whole senes of successive changes, all of which have been carefully investi- 
gated Atoms of radon are unstable, and when they explode, thej also shoot 
off alpha particles leaving behind atoms of radmm A This is another radio- 
active substance, with a half period of three minutes The process of dism- 
te ration continues and radium A, emitting alpha particles, is followed by a 
senes of successive generations — radium B which changes to radmm C by 
the emission of beta and gamma rays, radium C to C by the emission of 
beta and gamma, and C' to D bj the emission of alpha (or alternatelj C to 
C" by the emission of alpha and C" to D bj emission of beta and gamma) , 
D to E by the emission of beta and gamma, t to F by emission of beta .and 
gamma, and hnally F (polonium) to G by the emission of alpha There 
the process stops because radium G is stable, being nothing but common lead 
This senes of transformations is visualized by the diagrams of Fig 177, 
and further details about half-periods are given in Table XXXIV 
In connection with Table XXXIV, the followinc things should be noted 
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(1) The half period of radium, 1600 years, is so long that the total loss, 
even in the course of a year, may be neglected * For that reason, the number 
of atoms of radon manufactured each day by a given amount of radium is, for 
all practical purposes, constant 

(2) Because of the long half-period of radium D, namely 22 years, it grows 
very slowly and hence, in a freshly prepared radium salt or tube of radon, the 
amounts of this product and of its posterity are extremely small The active 
deposit IS a mixture of the products A, B, and C 


Table XXXIV ~ radium and its products 


Substance 

Atomic 

Weight 

Atomic 

Number 

Half period 

Emiss on 

Radium 

226 

88 

1600 years 

alpha 

Radon 

222 

86 

3 82 days 

alpha 

Rad um A 

218 

84 

30 m ns 

alpha 

Kadium U 

214 

82 

26 8 mms 

beta gamma 

Rad um C 

214 

83 

19 7 mins 

beta gamma 

Radium C * 

214 

84 

2 X l0-« sec 

alpha 

Radium D 

210 

82 

22 2 years 

beta, gamma 

Radium C 

214 

83 

19 7 mms 

alpha 

Radium C * 

210 

81 

1 32 mms 

beta gamma 

Rad um D 

210 

82 

22 2 years 

beta, gamma 

Radium E 

210 

83 

5 diiys 

beta, gamma 

Radium F 

(polonium) 

210 

84 

139 5 days 

alpha 

Radium G 
(lead) 

206 

82 

stable 



* It will be noted tbit rad um C can d sintegnte by two different processes to form 
after two generations radium D Of all the atoms of rad um C which d sintegrafe 
99 96 per cent give birth to radium and onlj 0 0+ per cent to radiu n C 


(3) It will be noted that radium itself gives off alpha rays only, although 
at the heginn ng of this chapter it has been stated that a radium salt gives off 
alpha, beta, and gamma rays There is no real contradiction, however, be- 
cause if a radium salt is sealed in a tube, disintegration is going on constantly 
and there is present in the tube a mixture of all the products From the infor- 
mation given m Table XXXIV, it will be seen that gamma rays are emitted 
by the products B and C The emission from B is so weak and so feebly 
penetrating that for all practical purposes, radium C is the source of the gamma 
rays used in therapy 

We have stated above that, when radon is removed from a radium solution, 
maximum (gamma ray) activity is not reached for some five hours This is 
• In two months the actual loss is about 0 007 per rent 
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bccitise tt tildes that length of time before the maximum amounts of radium B 
and C are obtained 

(4) The end product, radium G, is stable, being in fact nothing but ordi 
nar) lead In this connection, bj means of a little elementarj arithmetic, vve 
can make a simple quantitative test During the successive changes which 
take place in the trinshrmation from radium to sterile lead, a total of five 
alpha particles and four beta are emitted As far as the alpha part cits are 
concerned, this represents a reduction in mass of S X 4 or 20 units Since 
the mass of a beta particle is so small, we can neglect any change in mass due 
to It, except for vcr> special calculations Therefore, since the atomic weight 
of radium is 226, the atomic wcij^ht of lead should be 226—20 or 206 
Mass spectrograph data show that lead has an isotope of mass 206 m perfect 
agreement with this calculated value But long before mass spectrograph 
data were obtained, Ht nrgsehmid in Vienna in 19M measured chemicall} the 
atomic weight of lead o&fmiefi from pichbUnde and the value he obtained 
was 206 05 * 

B) the use of atomic munherSy another numerical test ma) be applied to 
radioactive transformations Since an alpha particle has a charge of 2 positive 
units, a loss of 5 particles means a reduct on in the total positive charge of 
10 units A beta particle, however, has a unit negative charge, and hence 
the loss of 4 beta ra} s means a decrease in total Negative charge of 4 units or 
a gain of 4 posiovc units The net result, therefore, of the loss of 5 alpha 
and 4 beta particles is a loss of 10 — 4 or 6 positive units Since the atomic 
number of radium is 88, it follows that the atomic number of lead should be 
88 — 6 or 82, as m fact it is 

(5) A glance at Table XXXIV shows that radium B, radium D, and 
radium G or lead have the same atomic number 82 Chemically therefore, 
these substances have the same properties. Since the outer electronic system m an 
atom of each must be the same Their atomic weights, however, are 214, 
210 and 206 Thej are, therefore, radioactive isotopes of one and the same 
element As a matter of fact, we owe the name isotopes to Soddy, the co- 
worker of Rutherford in the pioneer work on d stntegration, because it was 
this work which first revealed their existence 

178 The RHM and the Rutherford — E V Condon and L F 
CwtVAs wi NatwaaL Bureau of Standards have suggested the adoption of 
two new units of rad oactivity 

(a) To measure the intensity of strength of a source, as far as gamnn 

>*Tiic student « » recall that «He ord nary (chem ra!) atrni c we ”1 1 for lead is 
207 2 n IS u because it »a inorturc of meral isotopes 
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radiation ts concerned^ the unit suggested is the r h in. (pronounced rum). 
By definition 1 r h m is the strength of i source of gamma radiation which 
produces a dose of 1 roentgen in 1 hour it a distance of 1 meter from the 
source 

If we recall that the dose at i distance of 1 cm from 1 mg of ridmm m 
1 hour IS equal to 8 4 roentgens, \se see that the dose from 1 gram of radium 
m 1 hour at a distance of 1 meter 

84 X 1000 

“ 100 ’ 

= 0 84 roentgen, 

since 1 gram = 1000 mg , and 1 meter = 100 cm. 

Therefore, to obtain a dose of 1 roentgen in 1 hour at a distance of I meter, 
wc should need 1/084 or 1 19 gm of radium Hence 1 19 gm radium 
(or 119 curie of radon) has a gamma ra) strength of 1 r h m 

The author of this book can see no greit adsantage in using this new unit 
rather than to continue specifying the gamma intcnsitj of an} radioactive 
source as the gamma ray equivalent of so many grams or milligrams of radium. 
Admitted!}, howe^er, the r h m unit is independent of an} radioactive sub- 
stance and in that respect is fundamental 

(b) When a series of radioactive products, like radium and its successive 
general ons, are in equilibrium, the following facts are of importance 

(i) The relative equihbnum amounts of an} two products are direct!} 
proportional to their half-periods The amount of radium A, for example, 
with Its half period of 3 minutes, is many times less than the amount of 
radium D with its half period of 22 2 )ears 

(ii) When equilibrium has been attained, the actual number of atoms 
which disintegrate each second is the same for all products This follows 
at once since, when a product has its eqiiilibnum amount, it must gam as 
many atoms as a result of disintegration of its parent substance as it loses 
because of Us own d sintegration Hence the number of disintegrating atoms 
per second is an important number which can be used to desenbe the strength 
of a source For that reason, Condon and Curtiss have suggested the adop 
tion of a new unit, the rutherjord, for describing the strength of any radio- 
active source, not, be it noted, its gamma ray strength 

By definition, 1 rutherford, or I rd is the strength of a radioactive source 
for which the number of disintegrating atoms per second is 10*, or 1 million 
Hence, 1 micro rutherford or 1 micro rd , corresponds to 1 disintegration 
per second 

By the use of counters, it has been found that in the radmin famU), the 
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number of disintegrating atoms per 1 gram of radium per second is equal to 
3 7 X 10’*. Hence I grim of radium has a strength of 3 7 X 10* rd Since 
1 cunc IS the amount of radon m equilibrium avith 1 gram of ndnim, it 
follows that, if the ctine is used as a general unit for estimating the strength 
of anj radioactive source, I curie corresponds to 3 7 X 10* rd 

Obviouslj,, by the use of the rutherford, there is no need whatever to 
use the curie as a general unit for the strength of radioactive materials On 
the other hand, there is really no great objection to continuing to use it in 
the more general sense as long as it is clearly understood that it then corre- 
sponds to 3 7 X 1 O’* disintegrations per second 


179, Arttficisl Trsnsniutstion —The whole stor^ of disintegration 
shows that nuclei of radioactive atoms are complex and unstable and strongly 
suggests the complexity of stable atoms If this 
IS true, it IS possible that a direct hit by a heavy 
particle like an alpha ray might smash the nu- 
cleus of an atom into its const tuents Breaking 
up the atom m this way must not be confused 
with releasing some of the electrons surrounding 
the nucleus The removaf of one or more of 
these cxtranuclear electrons docs not destroy the 
atom, for subsequently other electrons arc 
attracted by the ion and the atom returns to 
ns normal state Breaking up the nucleus is a 
different matter. It means a complete destruc- 
tion of the atom, and for two reisons it is a very 
difficult thing to do In the first place, it re- 
quires an enormous amount of energy, and in 
the second place, the nucleus must be hit “ head 
on ” In some cases an alpha particle moving 
at high speed has the necessary amount of en- 
ergy, but the chance of it making a direct hit 
IS extremely slight As the nucleus occupies about as much space in an atom 
as a fly m a cathedral, the last majority of bombarding alpha panicles pass 
right through the atom leaving it intact, except for the occasional removal 
of an outside electron 

Sometimes the approach to the nucleus is so near that the alpha ray is 
deflected to one side, and, at the same time, the struck atom — or, more 
accurately, its nucleus — has energy communicated to it and moves off to the 
other side Figure 178, a cloud-track photograph taken when alpha rays 
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F/e 17S Scaitcnng coDison 
of an alpha part cle with the 
nucleus of a helium atom 
The alpha ray travelling along 
the path marked a stnkes a 
hel um nucleus and is deflected 
to travel along one arm of the 
fork wh le the struck nucleus 
moves off along the other arm 
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were bombarding ordinary helium, provides nn excellent example of this It 
will be noted that the tracks are straight lines for all but one of the particles 
Vs the photograph clearl} shows, the single exception is marked by a forked 
track, one prong of which corresponds to the deflected path of the original 
alpha ra), the other to the path of the struck helium nucleus 

Occasionally the bombarding particle strikes head-on, and the Struck nucleus, 
if light as hydrogen, is shot ahead with high speed In one nf the early experi- 
ments, for example, alpha rays bombarded hy- 
drogen, and the protons which had been hit in 
this way , were observed to cause scintillations on 
a screen placed far beyond the range of the 
original alpha particle 

And sometimes the alpha particle enters 
right into or coalesces with the bombarded nu 
cleus, forming a new unstable atom which 
disintegrates A transmutation is then the re 
suit In 1919 Rutherford bombarded the gas 
nitrogen with alpha rays and obtained hydrogen 
because of such i process This is then an ex 
ample of what we shall call artificial transmuta- 
tion, to distinguish it from the spontaneous 
natural transmutation of radioactive materials 
Sr„" T"" ™»u„. „[ h,dr„ge„ was 

long thm arm of the fork, mark too small to be detected by chemical means, 
prIJn Ve^ht hanTshorf S showed that the effect 

arm the path of an ejected was none the less real There was no doubt 
oxygen atom about It Protons or hydrogen nuclei were 

knocked out of nitrogen nuclei The process of obtaining hydrogen in this 
way was not very economical, for a mill on alpha particles had to be fired 
to give one direct hit, and so to form one atom of hy drogen But it was not 
the quant ty of hydrogen evolved that mattered, rather the fact that a direct 
proof had been given that protons existed m the nuclei of nitrogen atoms 
Within a few years it was shown that protons could be knocked out of many 
other atoms as well, and the view that all nuclei are composed of electrons 
"ind protons became widely held In the light of subsequent work, some of 
which will be given in Chapter XVI th s view had to be altered 

Later we shall show that when an alpha particle interacts with a nitrogen 
nucleus with the emission of a proton, an oxygen atom is also formed A 
cloud track photograph of this transformation taken a number of years after 
Rutherford’s classic experiment, is shown in Fig 179 In this photograph note 
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the fork at the end of one of the alpha ray tracks The long, thin “ streak ” 
forming one arm of the fork, corresponds to the proton path, the much 
shorter and somewhat irregular second arm, to the track of the oxygen atom 


180 Protection — As with x-ra> s, so with ndnim, it )s higbl) important 
to protect from possible senous injury all who work with radium m any 
capacitj If a radium preparation is carelessl} handled, beta ra>s may injure 
the hands to such an extent that cancer ultimately develops “ Ten milli- 
grams of radium, or ten millicunes of radon, in a small tube thin enough to 
permit the escape of most of the beta-rajs, at a distance of 3 mm from the 
«km, will deliver enough radiation to produce a sharp reaction m 10 minutes 
exposure ” (Quimby) For that reason, to quote from the 1 937 International 
Recommendations, “ the radium should be manipulated with long handled 
forceps, and should be earned from place to place in long handled boxes, lined 
on all sides with at least one centimeter of lead ” 

Gamma rays may also have important injurious general effects, and an 
adequate thickness of a protective material like lead should be used More- 
over, care should be exercised that a worker is shielded not only from the direct 
beam, but from scattered rajs is viell 

There are dangers from even extremely small amounts of radioactive 
matenal unless ngid precautions ire taken For example, in the past, radium 
poisoning has occurred among industrial workers engaged m radium dial 
painting In an excellent article’^ bj Robicy D Evans of the Massachusetts 
Institute of Technology, attention is directed to a case of radium poisoning, 
m which “ no clinical symptoms were observed until eight years after the 
termination of a five-jear exposure as a radium dial painter” The danger 
of such cases occurring at the present time is slight because of rigid hygienic 
and other measures which are observed, but dangers are ever present wherever 
personnel are handling radioactive materials, and precauoons cannot be too 


rigid 

In 

given 


appendix the recommendations for x-ray and rad urn protection are 


181. Other Radioactive Families — In Table XXXIV we ha\e 
listed the vanous members of the radium famdj These, however, are b> no 
means the only radioactive substances which occur m Nature Radium itself 
js a descendant through several generations of uranium I, a radioactive element 
of atomic number 92, atomic weight 23S, with a half period somewhat less 
* <• Protection of Radium Dul Workers and Radiologists from fnjiir^ Rad om 
Journal of Industrial Hvgene and Tox cology Vol 35, Sept 1943 
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than 5 X 10* >cars. Uranium II, the 234 isotope, with Inlf-penod 2.7 X 
10* years, occurs m this same Both these mtopcs of uranium emit 

alpha rajs The third isotope, the 235 \anet), occurs m another family 
called the actinium series, and is also an alpha raj emitter with a haH-penod 
of 7 X 10* jears 1 he half-penods of all three isotopes of iinnium arc so 
extremely long that for man) purposes, this clement mnj be considered stable. 

A third hmilj consists of thorium products 

One of the members of this familj is mesotlioniim, a sidwtincc which with 
an atomic number of 88, is an isotope of ndium For tint reason, if radium 
and mesothonum arc present in the ore from which ndium is extracted, it is 
not possible to sepinte them b> ordimrj chemical meins, md sometimes 
radium silts contain mesothonum is an impuntj . This is not desinblc, 
because, although mesothonum emits gimmi njs, its ictivitj decreases ibout 
10 per cent m a jcar, unlike radium which, as wc have seen, remains scnsiblj 
constant. 


PROBLEMS AND QUESTIONS 

1 Explain the meaning of “ miljicurie of radium emanation ” 

2 What radiations are gi\en off from a tulx; of radium emanation enelo'cit m a tulie 
of platinum 0 S mm thick^ 

3 If at a certain time jou were provided with 100 millicuries of radium emanation, 
how much would ^ou have after 48 hours^ Am 69 7 me 

4 A radium emanation lube sent from \cwr \otk to Kingvtow had a strength of 100 
milUcuries when it left New \ ork (i)3\hat is its strength when used in Kingston for 
treatment 48 hours later? (ii) After what time will its strength be 50 millicuries? 
(ill) After what approximate time will a 10 milligram tube of radium salt fall to 
half value? Am (i) 69 7 me (ii) 3 82 dajs (in) ISOOj-cars 

5 The same tjpe of curve is obtained when the decrease in the activitj of radon is 
plotted against time as when the decrease m the intensity of a homogeneous beam of 
X rays is plotted aga n$t the thickness of an absorb ng layer of matter Indicate the 
general nature of this curve, explaining the law which defines it 

6 On a certain day a rad urn emanation tube causes the leaf of an electroscope to fall 
at the rate of 60 divisions per minute How fast w ill the same tube (at the same place) 
cause the leaf to fall (i) after 24 hours, (ii) after 48 hours? Am (i) 50 1 (ii) 41 8 

7 If all the radon is collected every second day from 1 gram of radium, find the 
strength m millicuries of the amount collected, on. the day collection w made Am 
303 me 

8 One tenth gram of radium is left standing in solution for at least a month The 
accumulated radium emanation is then drawn off each day for three successive days, and 
each day sealed in a single tube Find the strength of the three tubes on the third day 
Am <9 7 me , 16 5 me , 13 8 me 

9 If a gram of radium was the total amount m an emanation plant, what is the 
maximum number of 20 millieurie tubes which could be obtained from this plant at one 
time? (ii) About how long would it be necessary to wa t before collecting the emanation 
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to obtain this iiiaxmium number^ (m) What would be the strength of one of the 20 me 
tubes 24 hours after n was remosed from the plant? 

ID A radium emanation plant, with t gram of radium in solution, has all the actise 
gas remosed on a certain day Work out how many miUieories could be taken from the 
plant on the next removal which takes place after an interv al of three days Arts 41 8 me 

1 1 Radium D has an atomic number of 82 and an atomic weight of 210 On emit 
ting beta and gamma ray s it changes into radium E, which in its turn also emits beta and 
gamma rays, changing into polonium Finally polonium emits alpha rays, changing 
into lead Show that lead and radium D are isotopes and find, from the above data, 
the atomic weight of lead 

12 The atomic weight of radium is 226, and its atomic number is S8 If the final 
stable product after the successive transformations of radium is lead, of atomic weight 
206 and atomic number 82, find the total mimber of (i) alpha particles emitted, (ii) beta 
particles, by the time a s ngle radium atom has turned into an atom of lead 

11 (a) A radioactive substance A of atomic number 92 changes into B of atomic 
number 84 after a senes of successive transformations If in the process a total of 7 
alpha rays arc emitted, find the total number of beta rays emitted 

14 Radon is drawn off regularly every second day from an emanation plant contain 
ing 500 mg of radium in solution Find the maiimum amount (in millicunes) of ration 
which the plant can distribute every second day 

15 A small tumor is treated for 50 hours with gamma rays by 20 mg of radium in 
a needle If the tumor is an average distance of J cm from the needle, estimate the dose 
in roentgens, without correction for absorption /fw lOOOr 

16 If radon ts collected eiery day in an emanation plant containing 2 grams of 
radium, what is the maximum number of millicunes obtained each day? 

17 A radioacme material decays according to a <ai7ipje exponent al law If in 1 
minute its radioactivity decreased by 1 0 per cent, find its half period by plotting a graph, 
or in any way you like A ns 6 5 mins 
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PRODUCTION OF HIGH VOLTAGE PART II 

SUPERVOLTAGE TUBES AND HIGH SPEED PARTICLES 

182 Importance of Supervoltage — During the last decade, the con 
struction of supervoltage machines has plaj ed an important part in the develop- 
ment of radiology phjsics In Chapter II only a passing reference was made 
to this work, because it was considered advisable to defer the discussion until 
the reasons for using supervoltages could he made clear Let us now examine 
some of them 

(1) From the relation 

12 395 

shortest wave length = — » 

maximum voltage 

we see at once that the higher the voltage across a tube, the shorter the min- 
imum wave length in the continuous x-ray spectrum With a million volts, 
for example, the shortest wave length is about 0 012 angstrom The wave 
^length of maximum intensity in the continuous spectrum is, of course, some- 
what longer than this 

Obviously, then, by using super voltages, extremely penetrating beams of 
rays can be obtained Now there is some evidence, although it is by no means 
conclusive, that extremely short wave lengths are preferable to longer ones 
for biological reasons In any case it is desirable to examine carefully the 
effects of as wide a range of wave lengths as can be obtained 

Moreover, the more penetrating the x-ray "beam, the greater the percentage 
depth dose, that is, the greater the percentage of the surface dose delivered 
to deep seated tissue (See again, section 160 ) 

(2) The intensity of a beam of x rays increases steadily with increasing 
tube \oltage, hence ultrahigh intensities may be obtained with supervoltage 
machines 

(3) With sufficiently high toltages (about^tfeo million), wave lengths 
comparable with those of gamma rays from radium C may be obtained 
\lread) it has, been demonstrated that x-rays, the equivalent of nature’s 
tramma rays, can be obtained from a single tube, with intensity comparable 
with that of a radmm source of 1000 grams 

252 
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(4) B) means of supervoltiges extremely high speed cathode and positive 
n)s can be obtained With such particles transmutation expenments can be 
tamed out with results of great importance m the field of radoiogy For 
example, we shall see in the next chapter that bj such means artificial ndio 
ictive materials can be manufactured 


The fact that million volt \-ny outfits are in operation in such centers as 
the Memorial Hospital, New 

\ ork, the Huntington Memorial, + ^00 Kv - <00 Kv 

Boston, nnd St Bartholomew’s 
Hospital, London, is ample evi- 
dence of the importance of super- 
voltage in radiology 

A number of different methods 
base been used for the develop- - 
ment of supcrioltages Some of 
them are. ■Simple m principle, somt: 
arc engineering jobs on a large 
scale In the following sections 
w e shill examine briefly the mam 
features of the more important 
methods 

183 The Induction Coil 

— Some years ago the General 
Electric constructed a special in- 
duction coil which could be run 
continuously at 700 000 volts 
This was used for two or three 'Thc'amuigemenc of teetifyins vaJves 

years at the Memorial Hospital, and condensers m a cascade gmei-atoi- 

hut interrupter troubles create 

difficulties in connection 'With induction coils, and it is not likely that much 
use will ever be made of them for supervoltage work 



184 The Cascade Generator — In tbs type, as developed by the 
Phil ps’ Lafaoratones and the General Electric Corporation use is made of a 
combination of condenser and rectifying valve units similar to those used in 
the Villard and Gremacher rectifying circuits (Sections 79 and 80 ) An 
arrangement utflized in a Philps’ generator of this sort, capable of developing 
800 000 volts, is shown in the diagram of Fig 180 In this figure it will 
be noted that the circuit B/iC^ViD is similar to the VUIard circuit of Fig 91, 
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except that only one rectifying valve and one condenser is used By adding 
successive condenser-valve units in the manner shown in the figure, the original 
E M F developed in the secondary AB of the high tension transformer may 
be so multipled, that terminal T is raised to a high positive potential, Ti to 
an equally high negative In the generator represented in this figure, with 
a transformer voltage of only 100,000 volts T becomes *|-400,000 volts, 
Tx — 400,000 volts hence between the terminals there is a D of 800,000 
volts The photograph reproduced in Fig 181 shows the actual appearance 
of this generator or one similar to it, whose total height is some 8 feet 
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Fig 181 Photograph of a cascade generator 

Making use of the same principle, the Philips’ Company constructed a much 
larger generator for the Cavendish Laboratory, Cambridge, England This 
machine, which has a total height of about 17 feet, develops 1,250,000 volts, 
although only 120,000 volts is necessary in the secondary of the transformer 
Figure 1 82 shows the actual appearance of this generator In this figure the 
generator proper with its zig-zagging valves is seen on the left The double 
column on the nght contains an extremely high resistance which is used in the 
measurement of the actual voltage developed by the method described in 
sections 27 and 186 The horizontal piece at the top of the photograph is a 
damping resistance by means of which electrical connection is made to the 
top of the measuring resistance (as shown) and to the x ray tube (not shown) 
Figure 183 IS a photograph of the negative end of a 4,000,000 volt gen- 
erator used m the Philips’ Laboratory at Eindhoven, Holland An added fea- 
ture in this photograph is the huge sphere gap, used for taking voltage 
measurements (see section 23) 
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In all supcr%oltage generators imple room must be left between the h'^h 
tension terminals incl the ceflmg or other grounded places, otherwise “flasL 
overs will take place 



Cowtfty PhOlpf CffUrt£*j/ PfitUps GlofUQmpfn/abrtiken 

Fic l$2 A Jj2i0»000 volt cascade F(g The negative end of a 

generator 4/X)0000 volt cascade generator 


165 Van de Graaff Electrostatic Generator. — A generator much 
simpler m pnnciple than the cascade tjpe and much cheaper to construct has 
been developed dunng the last decade The first machine of this tjpe was 
the invention of Van de Graaff, who made use of fundamental ideas djs- 
cussed in elcmentar) classes in electrostatics 

The student is asked to recall tw o of these ( 1 ) An electric charge given 
to a hollow conductor goes to the outer surface, the potential at all points, 
within such a conductor being the same (2) An insulated charged conductor 
loses Its charge if a pointed conductor is in contact with it, or, contcrsclj', an 
uncharged insulated conductor, with a sharp point attached to it, will pick 
off a charge from a charged bodj placed near the point In the first case, we 
sometimes state that the charge " slips off ” the point Actually, the charge 
accumulates on the point to such an extent that the resulting electric field in 
the air near the point is great enough to ionize the air If the point is nega- 
tive!) charged, positive ions move towards it and annul its charge, thus leaving 
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negative ions n the surrounding region Similarly, before a point picks off a 
charge, there is ionization between it and the neighboring charged body 

To understand the way in which these ideas are utilized in the Van de 
Graaff generator, a bnef descnption is given of a comparatively small machine, 



Fic 184 A \an de GriafF generator capable of develop ng 1,000,000 volts or more 


designed b5 J G Trump and R J Van de Graaff, of the Massachusetts 
Institute of Technolog) The general appearance of one generator of this 
kind, capable of developing a mill on volts or more, is shown m Fig 184 
1 be importmt details of the construction of a 500,000 volt generator ma) be 
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.mderstooa by reference to Fig. 1 85 An electric charge is accumulated on a 
hollow, insulated conductor C, some thirty inches in diameter, and tHehc 
inches high, which stands on the top of an insulating column over three feet 
long and twelve inches m diameter The column rests on a supporting base 
in contact with ground. 

Within the base, there is a small transformer-rectifier unit so arranged that 
a negative charge slips off a row of points, one of which is represented by a in 
the diagram These points are 
about one quarter inch from a 
grounded pulley revolved by a 
motor also housed within the base 
A three-ply rubber fabric, making 
an endless belt about ten inches 
wide, passes around this pulley 
and a second insulated pulley, 
placed mside the insulated con- 
ductor at the top of the generator. 

When the machine is in opera- 
tion, the motor keeps the belt 
moving at the rate of 5000 ft, 
per minute. A collector rod with 
points at h and at e is attached to 
the upper insulated pulley. 

The action of the generator 
IS somewhat as follows. As the 
left-hand side of the belt goes up 
with Its negative charge, negatne ^jg Tr^mv f h 

electricity is picked off at £ Most j s^gad 

<si this slips off at ^ going to the 
outside of the terminal, but some 

goes to the insulated pulley. Since this is situated inside a hollow conductor 
normally its potential would be the same as that of the conductor, but when a 
free charge of the same kmd is thus added to it, its (negative) potential be- 
comes higher than that of the terminal conductor Hence, when a row of 
pointed conductors is attached to the inside of the terminal, as represented at d, 
the higher negative potential of the pulley causes an escape of positne electncity 
from these points. This escape of positive (1) still further increases the 
negative charge on the terminal, (2) annuls any negative left on the upnung 
belt, and (3) puts a positive charge on the downward belt At the bottom 
of its downward path, the positive is annulled by the spray me action of the dis 
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negative ions in the surrounding region. Simihrlj, before “i point picks off a 
charge, there is ionization between it and the neighboring charged bod}. 

To understand the waj in which these ideas are utilized in the Van de 
Graaff generator, a brief description is given of a comparative!} small machine, 



designed by J G Trump and R J Van de Graaff, of the Massachusetts 
Institute of Technology The general appearance of one generator of this 
kind, capable of developing a million volts or more, is shown m Fig 184 
The important details of the construction of a 500,000 volt generator ma) be 
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understood by reference to pjg 1 85 An electnc charge is iccuinuhted on a 
hollow, insulated conductor C, some thirtj inches in diameter, and twehe 
inches high, which stands on the top of an insulating column over three feet 
long and twelve inches m diameter The column rests on a supporting base 
in contact with ground. 

Within the base, there is a small transformer-rectifier unit so arranged that 
3 negative charge slips off a row of points, one of which is represented by a in 
the diagram These ponts are 
about one quarter inch from a 
grounded pulley revolved by a 
motor also housed wjthin the base 
A three-ply rubber fahne, making 
an endless belt about ten inches 
wide, passes around this pulley 
and a second insulated pulley, 
placed inside the insulated con- 
ductor at the top of the generator 
When the machine is in opera- 
tion, the motor keeps the belt 
moving at the rate of 5000 ft 
per minute A collector rod with 
points at i and at c is attached to 
the upper insulated pulley 

The action of the generator 
IS somewhat as follows As the 
left-hand side of the belt goes up 
with Its negative charge, negative tv J a mmr f h 

electncity is picked off at b IVfost a a 

of this si ps off at c going to the 
outside of the terminal but some 

goes to the insulated pulle) Since this is situated inside a hollow conductor 
normally its potential would be the same as that of the conductor, but when a 
free charge of the same kind is thus added to jt, its (negative) potential be- 
comes higher than that of the terminal conductor Hence, when a row of 
pointed conductors is attached to the ms de of the terminal, as represented at d, 
the higher negative potential of the pulley causes an escape of positive electnciti 
from these points This escape of positive (I) still further increases the 
negative charge on the termini], (2) annuls an} negative left on the upmm'» 
belt, and (3) puts a positive charge on the downward belt At the bottom 
of Its downward path, the positive is annulled by the spntmg action of the dis 




MEASUREMENT OP SUPERVOLTAGES 259 

voUigc of about a miDion and a hilf lolts, then causes a current of about 
I ma through this resistance Bj means of an electrostatic voltmeter, with 
a range up to 1500 tolts, the potential difference across I/IOOO of the resist 
ance is read directly off this instrument placed on the control panel of the 
machine 

(4) Generetm^ Voltmeter — An entirelj different method which is being 
successful!) used for supervoltages, makes use of a simple fundamental idea. 
The student will recall that, when an uncharged insulated conductor, such as 
RC, Fig 186, IS placed in the electric field near a charged conductor A, 
induced charges appear at the opposite ends of the uncharged conductor If 



Fiq 186 Induced changes of oppos te Fin 187 A to-and fro movement of charges 
sign appear at the erids of an un takes place in the conductor BC when the disc 
charged conductor placed in the field D is rotated 
of a charged conductor 

A has a negative charge, the induced charge at the near end B is positive, at 
the far end, negative (If the conductor BC is grounded, the end B will 
StiU be positive, and negative w ill go to earth ) 

Now suppose that a grounded metallic disc Z>, cut as shown in Fig 187i>, 
so that nearly one half is removed is placed between the conductors A and 
BC, as shown m Fig I87u, and rap dly revolved It should be evident that, 
when the open part of the disc is opposite the end J5, the conductor BC is under 
the influence of the charge on A and so induced charges appear as before 
But, w hen the uncut half of the grounded disc is in front of B, BC is shielded 
from the field of A, and hence during that interval this conductor returns to 
Its normal state Snee the disc is in rapid revolution, it follows that there 
will be a surging to and fro of electnc charges, that is, an alternating current 
whose frequencj is controlled by the speed of the disc Moreover, the greater 
the potential of A, the greater the intensity of the electnc field causing the 
movement of the charges, and the greater the magnitude of this afterntting 
current Hence, if we can measure the strength of this current, we are 
provided with a means of measunng also the potential of A 

In generating zoltmeters this pnne pie has been utilized as a satisfactor) 
means of measuring supervoltages As an example of the wnj m which the 
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principle is applied, a bnef description is given of the essential features of an 
instrument of this kind recently described b) Trump, Safford, and Van de 
Graaff, and used by them for the measurement of voltages, as high as a 
million and a half, generated by their high pressure electrostatic generator 
Suppose the end C of the conductor BC is joined, as illustrated m Fig 188, 
to a point between the plate and the filament of two rectifying valves (Actu- 
ally a double diode valve is all that is necessary ) Then, when B is not 
shielded and A is negative, electrons flow from the end 5 through the valve 
V 2 to ground at leaving the end 
B positive When B is shielded, 
electrons cannot cross vilve Fj to 
annul the positive charge, but they 
can cross valve Fi, flowing from 
ground at G,, through M, a cur- 
rent-measuring instrument such ns 
a microammeter Through this 
instrument, therefore, there is an 
intermittent, but unidirectional 
Tig 188 Vthen the d sc D is rap dly revolved current which, if the disc D re- 
an intermittent but unid reel onal current flows yolves quicklv enough, IS recorded 
through the m croammetcr M ^ ^ i 

as having nn average mean value 
The arrangement actually used is not quite so Simple as that shown in 
Fig 188 Since theory shows that the current through the microammeter is 
proportional to the frequency of the rotating disc, this is made with four 
sectors, equal m area and equally spaced (not unlike a Maltese cross) and 
the end B directly behind the d sc, consists of eight brass sectors mounted on a 
Textnlite ring Alternate sectors (of B) are electrically joined to form two 
sets of four each, and each set is joined to a separate double diode tube In 
this waj one set of four is shielded when the other set is not, and by a simple 
extension of the means illustrated in Fig 188, “ substantially constant rectified 
current flows m the microammeter circu t ” In the actual instrument, 
the connection similar to E of Fig 188 is a long shielded conductor and the 
microammeter is mounted on a panel fifty feet from the electrostatic generator 
riic scale is calibrated, and supervoltage read directl) from tlie instrument 

187. Supervoltage Tubes — The problem of building tubes capable 
of operation on voltages of a million or more presents many difficulties The 
insulation must be so good that there is no danger of spark over on the outside 
of the tube itself Care must be exercised to guird aa;ainst a discharge in the 
tube csen with a cold filament, because once an electric field reaches a certain 
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value electrons can be pulled out of a cold metal A good vacuum must be 
maintained in a tube, frequentlj of such large dimensions that vacuum pumps 
have to be in continuous use Then, too, there are the added precautions 
neccssarj to protect both operator and patient from the dangers of electrical 
shock and from powerful beams of verj penetrating rays 

The different ways in which these and other difficulties have been over- 
come wiE be understood from the following brief description of a few repre- 
sentative supervoltage tubes 

The General Electric Company has constructed, along more or less standard 
lines, a sealed-off tube, some five feet long, which fs capable of operation on 
400,000 volts In this tube, by placing the target near the inner end of a 
long hollow copper cylinder, elec- 
trons are prevented from bouncing 
off the target and charging the 
inner surface of the walls of the 
tube, one of the common causes 
of tube puncture Tlie envelope 
Itself, one quarter of an inch thick, 

IS made of borosilicate glass, a 
material with high dielectnc in 

Stren'*^th SCO 000 volt x ray tube of the 

mult sect on type 

For much hitther voltages, this 

firm has constructed multisection tubes, that is, tubes consisting of a num- 
ber of glass c) hnders separated by metal rings S nee the metal used is an 
alloy vijth the same coefficient of expansion as the glass, vacuum tight 
seals cm be made The metal rings are attached to electrodes extending 
inside the tube By the use tif these intermediate electrodes the total voltage 
between the filament and the target js subdivided, and, “ the metal cylinders 
exert a focussing action on the electron beam and protect the glass from 
bombardment ” (Read) 

Figure 189, adapted from an illustration m an article by J Read in the 
British Journal of Radiology, represents a large 800,000 volt tube of the 
multisection type built by the General Electric Company for the Swedish 
Hospital, Seattle It will be noticed that the voltage across each section is 
only 200,000, and that the target is at ground potential The whole tube 
lies outside the ti^tment naorn which ts hesr^l} msubted against penetrating 
rays except for the vundow through which they pass to the patient 

Another General Electric tube of the multisection type consists of ten 
sections, IS 28 ft 6 m long, and is able to carry 10 ma at 1,400,000 volts 
In most of the supervoltaee tubes, the necessary low pressure has to be 
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maintained by the contnuous operation of exhaust pumps The Philips’ 
Company, however, have utilized successfully the raultisection principle in the 
construcuon of sealed-off tubes capable of withstanding supervoltages In 
the Philips tubes each unit has glass ends of the re entrant type, somewhat 
as used in the ordinary metalix tube, Fig 60, and the units are connected by 
soldering external metal pieces at adjacent ends after each unit has been 
separately evacuated Connection between the units is subsequently made by 
the electron beam itself, which perforates thin pieces 
of metal foil covering the central parts of the metal 
electrodes A two un t tube of this tjpe has been 
constructed capable of operation on 700,000 volts, 
and a three-unit tube, 64 feet long, is capable of 
continuous operation with 1 or 2 ma , at 1,000,000 
volts 

A mill on volt tube of an entirely different con- 
struction, developed at the Massachusetts Institute 
of Xechnology in connection with an electrostatic 
generator, is in use at the Huntington Memonal 
Hospital of the Harvard Medical School The gen 
era! appearance of ths tube is shown in Fig 190 
(See also Fig 184) Insulation is provided by using 
a ten foot column of twenty porcelain sections resting 
on a grounded steel flange at floor level Below 
the flange, a steel cylinder which forms the lower 
end of the x ray tube, continues into the treatment 
room, as shown in Fig 191 Electrons from a 
filament at the top of the tube are guided down 
the tube by electrostatic lenses, placed between 
each porcelain sector, until they strike the water- 
cooled lead target sixteen feet below ‘ The target cons sts of a copper cup 
on the inside of wh ch a IS mil lead coating has been electroplated, the cup 
being cooled by a water jacket The target is at ground potential but insulated 
from the tube extension, so that the current to the target can be read on a 
milhammeter at the control panel The x-rays utilized in treatment are those 
transmitted downward through the target and water-cooling jacket ” 
(Trump and Van de Graaff ) 

By way of contrast to this tube, a bnef reference is made to one made by 
Metropolitan Vickers for use in the Mozelle Sasson High Voltage X-Ray 
Therapj Department, at St Bartholomew’s Hospital, London This tube 
thirt) feet lon-^ ind weishing ten tons extends horizontally through three 





Fio 190 The mill on 
volt X ray tube m the 
Hunt ngton Memorial 
Hosp tal of the Har 
vard Med cal School 
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rooms In the first room a generator can mi main the cathode at a negative 
potential of 500,000 volts or more The central part of the tube, a grounded 
steel cylinder containing the water-cooled gold target, lies m the middle or 
treatment room Since n the third room a <!econti generator can maintain 
the anode at a positive potential of 500,000 
volts, potentials of at least 1,000,000 can be 
applied to the tube The anode and cathode 
ends are separated from the middle port on 
by porcelain insulitors, each five feet long, 
and elaborate precautions arc taken to pro- 
vide adequate protection from the ra)s In 
this connection we quote from a booklet de- 
scnbitig this installation “ The position 
within the treatment room, that is, the cen 
tral twelve feet, is surrounded by a protective 
sheath, consisting of a sia-inch laj er of close- 
packed lead shot, enclosed between two coax- 
ial steel cylinders An aperture in this sheath 
allows the transmisson of the x ray beam 
The protective sheath m its turn is surrounded 
by a steel cj 1 nder which carries the filters, 
diaphragms, and applicators for defining the 
x-ray beam The protective sheath and 
applicator cjlmder can be rotated indepen 
dently of each other In this wa) it is possible 
to direct the beam of x ri}s at will, either 
through the appi cator towards the patient or 
into an absorb ng lead saddle, s X inches th ck, 
suspended immediately above the tube Thus, 
the port on of the x ny tube within the 
treatment room is both shock proof and ray- 
proof ” 

Fic 191 The lower en 1 of the 
mill on volt X ray tube shown tn 

188 High Speed Particles The Hg 190 
Cyclotron — In sect on 1 79 >i was shown 

that by bombarding nitrogen with alpha particles, both hjdrogen and oxj 
gen can be manufactured The process is not very efficient because a direct 
bit between the nucleus of a mtrosen atom and the bombarding alpha 
particle must take place and the chances of this are onl> about one in a million 
The results of this and similar bomhardt/i'r expenments are so important, how- 
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ever, both in physics and m radioing) , that wa)S and means have been sought 
of supplementing the limited suppl) of alpha particles by other high spee 
projectiles This can be done in two important wa)S 

(1) B) speeding up positive ions with supervoltages As we have alread) 
emphasized, the greater the potential difference through which a charged par- 
ticle falls the greater the kinetic energy which it acquires The high voltage 
generators we have been describing, therefore, are sometimes used to accel 
erate ions along suitably constructed tubes At the end of their journey 
these ions may be used to bombard materials 


* rt ' ' 'i B 
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Adapted from Fttysiccl Reriev QlustraJitm 

Fig 192 and B represent the D s or dees of a cyclotron An ion ong natmgatFswrals 
around and around until t emerges through a thm window If' with very h gh speed 



(2) By the use of a cyclotron Since this is a method which has been 
developed with great success and since its use has led to results of great impor- 
tance m radiology, its bas c principles will be desenbed somewhat in detail 

Fundamentally, the method employed in the cyclotron consists in giving an 
ion at regular intervals a succession of low voltage pushes until it acquires the 
speed equivalent to a high voltage The ion, after moving at a low speed 
through a half circle of small radius receives a push which sends it on at greater 
speed in a half circle of larger radius, at the end of the second half-circle, 
receiving another push it goes off moving still more quickly m a still greater 
half circle The process cont nues, half circles being executed at greater and 
greater speeds and with greater and greater radii until after a few hundred or 
more revolutions, the ion is moving so quickly that its energy is the same as if 
It has fallen through a potential difference of a few million volts In Fig 
192<7, the curved dotted line represents a few turns of the spiral path of such 
an ion 

For the satisfactory operation of such a scheme, two things are necessary 
( 1 ) The ions must be made to move in circular paths , and (2) the pushes must 
be properly timed The first cond tion is easily realized by an application of 
the motor principle to which a somewhat general reference was made in 
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connection with the deflection, by a magnetic field, of cathode rajs (sections 
34 and 35), positive raj's (section 43) and alpha particles (section 167) Let 
us examine this deflection a little more carefullj' 


* ^ f f i ! t 

^|il 


Fia 193 The wire AB when carry ng a current and ly ng in a direction 
at right angles to a magnet c field is acted on by the force at ncht aneles 
to the wire and to the field 


According to the motor principle, when a wire such as AB, Fig 193, 
carries a current and lies in a direction at right angles to a magnetic field 
(represented by the lines with arrows) it is acted on by a mechanical force m 
a direction perpendicular to both the wire and 
the magnetic lines In Fig 193, if the current, 
that IS, the direction of positive flow, is from 
A to By the force on the wire is in the direction 
represented by F 

Now a current is nothing but a flow of 
charges, hence a stream of any kind of elec- 
tnfied parades, whether cathode raj's or posiOve 
ions, constitutes a current If, as in Fig 194, 

CD represents the path of a stream of posinve 
ions, there is a current in the direction CD 
If, therefore, a magneac field exists with lines 
running at nght angles to the direction of mo- 
tion of the ions a mechanical force must act 
on the ions Since this force is alwaj-s perpen- 
dicular to both the field and the current, it is not difficult to see that the ion 
path must be curved as in Fig 194 If the field is uniform and the speed 
of the ions constant, the curve is the arc of a circle 

Again, for ions moving at constant speed, the magnitude of the mechanical 
force IS directly proport iml 1 1 the strength of the magnetic field It follows 
that the stronger the field, the more curved the path of the ion On the 
other hand if the magnetic field is kept constant slowlj moving ions are 



Fee JW Particles carry oe a 
positive charge when traveTl ng 
in a direction CD at right angles 
to a magnet c field are subjected 
to forces F whch make the 
particles move in the arc of a 
circle 




the magnet used in the cjclotron illustrated m Fig 198, one of the earlier in- 
struments built under the direction of E O Lawrence of the University of 
California The pole faces are over two feet in diameter “ The total weight 
of the magnetic circuit consisting of seven sections of cast steel is about 

65 tons’ The copper coils carrying the current which magnetizes the iron 
weigh about nine tons and are immersed in oil The large drum-hke pieces 
shown in the photograph represent the outer casing surrounding these coils 
To make sure that the ions whirl around after the manner depicted m 
Fig 192, the arrangement must he such that after the completion of each 
half-circle, an ion receives a push making it go a little faster in the next half- 
• A particle with charge e and selocity v is equivalent to a current ev Application 
of the motor principle shows that the mechanical force deflecting the particle is Ifev, 
where II is the intent t) of the magnetic ficl 1 Since, when a particle of mass m moves 

with constant velocity o m a circle of radius r, the centripetal force is vee may 



the path 


Hence the smaller i, the smaller 


the more curved 
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marked A and B m Fig 192 a potential difference of several thousand xolts 
which alternates from A positive and B negative to the reverse, a few million 
times a second In the actual instrument A and R are hollow stmicircular 
boxes frequently called D s or decs somewhat as shown in Uz W20, which 
he in the region between the pole pieces of the powerful magnet In Fig 
the post on of the dees is clearl) shown right at the center of tlic photograph 



Fio 198 A V ew of one of the cyclotrons constructed under the d rect on of E O Lawrence 

Figures 199 and 200 reproduced throigh the ki idness of W J Henderson 
are photographs of the dees used in a cyclotron constructed m the Phjscs 
Department of Purdue Univers t) 

When the machine is in use the air is exhausted from the boxes, a little 
gas such as hydrogen is allowed in at low pressure, and ions are created at the 
center by some such device as a heated filament The value of the magnetic 
field and the frequency of the oscillating electric circuit are so chosen that 
during the t me of a reversal of voltage between A and B the ion to be speeded 
up moves through exactly half a circle Whenever therefore, an ion is 
pushed from A to B on the right s de of the box m the next half c)cle it will 
be pished from B to on the left and so continue on its circular motion in 
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paths which ever widen because of the increase m speed each half revolution 
Just before the sides of the box are reached, the ions pass through a window into 
an observation chamber. 



CourU^l/ W J Henderson 


Fig 199 The dees in the Purdue University" cyclotron 

Sometimes the ions emerge through a thin metal window into the surround- 
ing atr. When this is the case thej strike the molecules of the air and cause 
them to emit light of a lavender color The path of the ionic beam is then 
marked by a column of light extending for some distance from the window 



Fig 200 Another view of the dees in the Purdue University cyclotron 

This is beautifully shown m Fig 201, a photograph taken by Professor 
Lawrence using deuterons (nuclei of heavy h>drogen) possessing some five 
or SIX million electron-volts of energy 

If a single push is given b> a potential difference between the dees of 
10 000 volts and an ion makes 200 revolutions, it has received 400 pushes 
or the equivalent of 10,000 X 'I'OO or 4,000,000 volts 
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marked A and B m Fig 192 a potential difference of several thousand tol 
which alternates from A positive and B negative to the reverse, n few milh 
times a second In the actual instrument A and B are hollow semictrcul 
boxes frequently called D’s or dees, somewhat as shown in I ig 192^, whic 
he in the region between the pole pieces of the powerful magnet In Fi- 1 9" 
the position of the dees is clearly shown nght at the center of the photograpl 
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Fic 198 A V ew of one of the cyclotrons constructed under the d rect on of E O Lawrence 


Figures 199 and 200, reproduced through the kindness of W J Henderson 
are photographs of the dees used in a cyclotron constructed in the Physics 
Department of Purdue University 

When the machine is in use, the air is exhausted from the boxes, a little 
gas such as hydrogen is allowed in at low pressure, and ions are created at the 
center by some such device as a heated filament The value of the magnetic 
field and the frequency of the oscillating electric circuit are so chosen that 
dunng the time of a reversal of voltage between A and B the ion to be speeded 
up moves through exactly half a circle Whenever, therefore, an ion is 
pushed from A to 5 on the nght side of the box in the next half-cy'cJe it will 
be pushed from B in A on the left and so continue on its circular motion in 
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paths which ever widen ^ecTuse of the increase in speed each half revolution 
Just before the sides of the box are reached, the ions pass through a window into 
an observation chamber 
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Fio 199 The dees in the Purdue University cyclotron 


Sometimes the ions emerge through a thin metal window into the surround- 
ing air When this is tlie case thej strike the molecules of the air and cause 
them to emit light of a lavender color The path of the ionic beam k then 
marked by a column of light extendinir for some distance from the window 



Fio 200 Another view of the dees in the Purdue Umvers ty cyclotron 

This IS beautifully shown in Fig 201, a photograph uken by Professor 
Lawrence using deuterons (nuclei of heavy hydrogen) possessing some five 
or SIX million electron-volts of energy 

If a single push is given by a potential difference between the dees of 
10,000 volts and an ion makes 200 revolutions, it has received 400 pushes 
or the equivalent of 10,000 X 400 or 4,000 000 volts 
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With the c>clotron described above, deuterons with 7 million electron- 
volts (7 mev) were developed Following its construction c)clotrons were 
built at various centers, some of them developing deuterons possessing 20 
mev of cnergj 

About 1940 a giant cjclotron, originally designed to develop particles 
possessing 100 mev, was under construction at the University of California 
B> wa) of contrast with Professor Lawrence’s original machine, it is inter- 
esting to note that, in the giant instrument, 3700 tons of 2-inch steel plates 



OfitrtetvS O 

( iG 201 A close up photograph showing the luminescence in air caused by a beam of h gh 
energj deuterons emerging from a cyclotron 


were used to construct the magnet, whose pole pieces have a diameter exceed- 
ing IS feci, with a gap between them of some 6 feet The war interrupted 
the construction of this machine, but its magnet was put to use in the electro- 
magnetic method of separating the uranium 235 isotope and so indirectly it 
plajed an important part in the harnessing of nuclear energy discussed in 
Chapter XVIII 

At the end of the war, work was resumed on the giant cyclotron In 
mode of operation it differs somewhat from the original model and is more 
properl) called a s)nchr{>-c)clotron In the footnote on page 46, attention 
has been directed to the mcrense of mass of a cathode ra) when its velocity 
K increased Since this rehtivastic increase in mass, as it is called, applies to 
all high speed particles, it means that as the ions m a c)clotron are speeded 
up to high values their masses increase Because of this change in mass it 
becomes more difficult to maintain resonating conditions In the s)nchro- 
c}clotron this difhcult) has been overcome by a method whose details need 
not be pven in this hook It is sufTicicnt to note thit, as a pulse of ions 
onsinating at the ion source bepns to spiral outwards, resonance can be 
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Jnamtsined in spue of changing mass by sJtghdy /owenng (modulating) the 
freq«enc> of the eiectncal oscillating circuit In the giant cyclotron, which 
towards the end of 1946 was successfully operated, the pulse of tons males 
some 10,000 rewlutions, finallj striking an internal target at a radius of 
some 80 inches, with about 200 mev of energy for singly charged particles 
like deuterons The time of flight from source to target is about 1000 micro- 
seconds When the machine is m operation a rapid succession of such pulses 
strikes the target 


189 The Betatron — D \V 
the induction fUctron accelerator or 
to the radiologist because by means of 
It electrons can be speeded up until 
they acquire 100 mev of cncrity, 
or eacn higher values These high 
^fd electrons may he used for direct 
bombardment, or allowed to strike 
a target, thus creating x-rays of ex- 
tremely short wave lengths 

In common with the cyclotron, 
the electrons arc constrained to move 
in circular paths because of a mag- 
netic field B) means of an injector, 
] in Fig 202, electrons from a hot 
filament arc elcctromagnctically pro- 
jected m a hollow evacuated box 5, 
somewhat resembling a doughnut 


Kerst has developed a machine, called 
betatron^ wh ch is of great importance 



Fic 202 In fhe betatron ctectrona emerging 
from the injeetDr J circulate iJi the dough 
nut-shaped vessel B (Adapted from diagram 
by Kerst ) 


in shape, avhich lies between the 

poles of a magnet Unlike the mode of acceleration in a cyclotron, the 
electrons are speeded up because of the induced electromotive force which 
results from a changing magnetic field To obtain a suitable changing field 
an alternating current is used rn the electromagnet and the electrons are 
injected just after the current begins to rise at the beginning of a quarter 
cycle For the remainder of this quarter-cycle the current is growing and 
hence the strength of the magnetic field is increasing If, now, we think 
of an imaginary wire m the doughnut, represented by the dotted circle m 
the figure, the magnetic flux through it is increasing m this quarter-cycle, 
and hence there is an induced E M F in the wire whose magnitude is 


proportional to the rate at which the flux is increasing (Revieu sect on 
2, Chapter I ) Although there is no wire, an electron circulating in such 
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<in orbit experiences the same E M F and hence is accelerated Since this 
acceleration occurs in each revolution which the electron makes, it wil! be 
seen that it can acquire an extremely high speed if it can make a sufficiently 
large number of revolutions This is possible only if the electron can be kept 
in approximately the same orbit for many revolutions. In the betatron, 
electrons liberated at the injector after a few initial revolutions actually do 
settle down to rotation in an orbit whose radius remains constant * The 



Fig 203 A photograph of a 22 mev betatron at the University of Illinois. 


photograph reproduced in Fig 203 through the kindness of D W Kerst, 
will give the reader a general idea of the appearance of a 22 mev machine. 

As long as the magnetic field is growing, there will be an induced E M F 
with resulting acceleration of electrons In an actual machine, the accelera- 
tion of any particular group of electrons injected into the doughnut is con- 
tinued for a time not exceeding one-quarter of a cjcle of an alternating 
current whose frequency may range from 60 cycles per second to several 
hundred A good idea of the Umes and distances involved m a 100,000,000 

* In the footnote at the bottom of page 266, it is shown that when a charged particle of 
mass m and velocity <a rotates m a circular path m a magnetic field, the radius r of the 

orbit — Since the product inv measures the momentum of a part cle, it follows that 

the radius of the orbit will remain constant, e\en with changing mass and velocity, pro 
vided that the magnetic field increases in strength at the same rate as the momentum of 
the particle Now the value of the momentum increases because of the force constantly 
acting on the electron, this force depends on the induced E M F and hence on the rate 
of change of magnetic flux within the orbit It can be shown by using comparatively 
simple mathematics, that the radius remains constant if, at any instant, the magnetic flux 
within the orbit = 2vr^H This condition is fulfilled in the betatron 
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mev betatron maj^ be liad from the folio win^^ figures given by Coolidge and 
Charlton After rotating for 1/240 second, i pulse of electrons has made 
250,000 revolutions, during each of which the average induced EMF 
was 400 volt^ ind has traveled a distance of some 800 milts 

But, Jt will be ashed, what becomes of a pulse of electrons at the end of the 
quarter-cjcle, or whatever shorter interval they are allowed to rotatei* The 
answer is simple enough The electrical arrangements are such that, at the 
end of the time interval, a condenser is made to discharge through what arc 
called es.panding cods, so placed that the condition for a fixed orbit ts destroyed 
and the electrons spiral out of it until they hit a target, a piece of tungsten 
placed on the back of the injector For the remainder of the whole cycle 
of alternating current, no electrons are m the doughnut, but at the beginning 
of the next another pulse is injected Hence, an intermittent senes of pulses 
stnfces the target 

At the target, x-rays originate in the usual waj Strangely enough, the 
target does not become hot, because for some reason the efficiency of the 
process of converting the kinetic energy of these extreme!} high speed elecffons 
IS very high, according to Majneord being 70 per cent for 20 mev betatrons 
The output m roentgens is also high, Majneord giving as approximate values, 
lOOr per minute at 1 meter, for a 20 mev machine, and lOOOr per minute 
for one developing 1 00 mev 

It will be seen then that the betatron provides the radiologist and others 
with a means of developing intense beams of x raj s of s ery short wave lengths, 
and adds one more tool for experiments in radiation therapy Moreover, it 
also opens up the possibility of using an electron beam itself m what we may 
call electron therapy, for in 1946 Kerst altered the controls in such a way as 
to bring the beam outside the instrument Careful experiment alone will 
decide the value, if any, of electron therapy. 



CHAPTER XVI 

TRANSMUTATION OF MATTER AND NEUTRONS 

190 Nuclear Bombardment — The results obtained by bombarding 
substances with high speed particles have justified many times over the time 
and energy expended in the development of super voltage machines In this 
chapter reference is made to some of the important discovenes made in this 
wa) , with special emphasis on those relating to radiology At the outset the 
student should become familiar with the following method of describing m 
symbols a nuclear interaction 

In section 36 it was pointed out that to describe an atom without ambiguitj 
both Its atomic weight and its atomic number must be given Analysis bj 
the mass spectrograph has shown in addition that on the atomic weight scale, 
masses of all atoms are given bj numbers which depart from integers by very 
small amounts With these facts in mind it is easy to see why an isotope of 
an element is frequently designated by the symbol aX**, where X is the cus- 
tomary chemical symbol, a is the atomic number, and h the mass number, that 
IS, the integer which, with si ght error, represents the atomic weight Thus, 
represents ordinary hydrogen, jH or iD*, heavy hydrogen or deuterium, 
zHe*, helium or an alpha particle, and goHg'®*, soHg^”% soHg^*®, *oHg*“^, 
eoHg*“ , and goHg^®* vanous isotopes of mercury 

Whenever the nucleus of an atom moving at high Speed strikes the nucleus 
of another atom and an interaction takes place, whatever the final products, 
the total nuclear charge and, at least to a first approximation,* the total mass 
must remain constant If, then, we write down an equation describing the 
nuclear reaction, the sum of the charges and of the masses on one side must 
equal the corresponding sums on the other side 

As an illustration, consider again the pioneer expenment of Rutherford 
when he obtained protons (iH*) by bombarding nitrogen (tN“) with alpha 
particles (jHe*) In symbols we can write 

-h 5,He^ == + AT, 

where a: is a product which must have the mass number 17, since 14 -f* 4 
= 1 + 17, and the atomic number 8, since 7 +2=1 +8 Since 8 js 

* Thi* aMumes the validity of the law of conservation of mass Actually, in nuclear 
reactions, ‘he total mass before may differ very tlightly from the total mass after the 
reaction Th s question is d scussed and explained in section 203 
274 
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the atomic number nr the distinguishing mark of oxygen, r must represent 
an isotope of this element of mass number 17, or we may now write 

tN» 4* *He^ = + »0‘^ 

As we have already pointed out, long after Rutherford performed this experi- 
ment, analysis by the mass spectrograph showed that oxygen has an isotope of 
mass number 1 7. 

A still more abndged notation, making use of the sy mbol a for alpha particle, 
f for proton, writes the abose reaction N’* (a, f) O” which means that 
nitrogen of mass number 14 virhen bombarded with alpha particles, gives rise 
to an emission of protons and forms an oxygen isotope of mass 17 In 
nuclear reactions of this sort, it should be realized that the bombarding alpha 
particle actually penetrates the nucleus of the nitrogen atom, a temporary 
unstable compound being formed This compound d smtegrates into an 
oxygen atom and n proton It should again be emphasized that out of 
millions of bombarding particles, only a few make collisons of such a Icmd 
that this temporary compound can be formed 

191. Proton Bombardment — Protons were the first artilimlly accel- 
erated particles to be used in bringing shout a nuclear transformation In 
England, Cockcroft and ^Valtnn obtained alpha particles by bombarding a 
lithium target with protons, m accordance with the equation 
,Li^ 4- iH' = ^Ue* 4- »Hc* 

Although these experimenters used protons accelerated by some 150,000 
volts and the transmutation can he brought about by less than 25,000 volts, 
the efficiency of such processes increases rapidly with the speed of the particles 
For example, in one investigation it was shown that whereas for 2^0,000 volt 
protons there was one successful hit in 10’ shots, for 500,000 volt protons, 
there were ten successful hits in the same number of shots In many reac- 
tions It IS desirable to have available particles speeded up by several million volts 

We conclude tins section with a few other examples of proton bombard- 
ment which explain themselves 

4" iH' = aHe^ -f 4* "He*. 
nNa” 4- ,H’ = loNe"' + 

^Li” -h iH^ = 4- *He*. 

„CP 4- - uS"" + -He^ 

4 - 

The last reaction is an example of stmpk capture 
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192. Deuteron Bombardment — High speed deuterons, thnt is, nuclei 
of the atoms of heavy hjdrogen, hive proved of the greatest importincc in 
bringing about nuclear transformations At this stage we give two examples 
The first is described by the equation 

*Li« + + :He\ 

Here, it will be noted, the lithium 6 isotope, on bombirdmcnt with deuterons, 
gives rise to alpha particles This particuhr reaction is beautifull} illustrated 
by Fig 204, where a and h mark the paths of the two alpha particles ejected 
simultaneously in opposite directions 



Fig 204 a and i mark the paths of two alpha particles ejected simultaneous!) jn opposite 
directions when a bombarding deuteron struck the nucleus of a lithium atom 


To make these long trails, the alpha particles mitiallj must have had a great 
deal of kinetic energy As this energy is a direct result of the nuclear process 
which takes place, it should be evident that the equation does not tell the 
whole story For a complete discuss on consideration must be given to the 
energy involved, a question cons dered in Chapter XVII 

A second example of deuteron bombardment which the student can inter- 
pret himself is given by the equal on 

+ = +8He* 

Other important examples will be given later 

193 Artificial Alpha Particles — By using helium in the dees of 
a cyclotron alpha particles with kinetic energy of the order of many million 
electron volts have been obtained Since the energy of alpha particles from 
a radioactive product such as polonium is about 5 mev, we see what a powerful 
tool the cyclotron is Moreover, not only can much faster artificial alpha 
particles be developed, but the intensities of the beams so obtained are the 
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equmlent of huge amounts o{ radioactive imtenal The foIJowmg is an 
example of an alpha rij transforrmticm 

nAE’-f = 

194 Discovery of the Neutron — The discover) of the neuirttn, a 
particle of miss number 1, but without an} electrical charge was the result of 
certain experiments in which alpha particles from a radioactive source were the 
bombarding particles In Germany, Becker and Bothe, when bombarding 
certain substances vsith alpha ra}s from polonium observed, particular!} from 
the element beiy Ilium, the emission of a radiation sufficiently penetrating to 
pass through tolenbl} tliick sheets of metal. This radiation they considered 
to be sitnihr in nature to gamma ra}S 

Follow mg up this work, in France, /olrot and his wife, the daughter of 
Madame Cunc of radium fame, were able with more intense sources of alpha 
n}s, to show ( I ) tiiat tjiis radiation could penetrate an inch or more of lead, 
and (2) tJiat, when it struck a substance like paraffin wax (which contains 
a large amount of lij Jrogen), protons were e}ected with great energ) Note 
the two steps in producing the protons Alpha ra}s strike beryllium, her}!- 
hum emus this penetrating radiation, supposedl) of a gamma ray nature, the 
radiation strikes the paraffin wax, and protons are ejected 

In England, at Cambridge, a particle without charge and with the mass of 
a proton had been sought for more than once As far back as 1920 Ruther- 
ford had made reference to the possible existence of a neutron and about the 
same time Harkins at Chicago had pointed out that the problem of building 
heat} nuclei from light was much simplified if particles of this nature were 
axailable as building bncks Now Chadwick working at Cambridge saw 
that It was highl) probable tiiat at least part of this penetrating radiation from 
ber} Ilium consisted of neutrons and he set out to prove it 

It was clear that the radiation in queston knocked protons out of paraffin 
wax, and it was a simple enough matter to measure the energy of the expelled 
protons, b) examining how far the} traveled ^Vhen this was done it was 
seen that it was extremely unlike]} that they were knocked out of the wax 
b} a gamma ray For this to be possible the gamma ray photon would have 
had to possess some lift} million electron volts of energy, an amount far in 
excess of any probabfe value for such raoiatioii ^?n tde orfer ibtnif, rd (Ac 
radiation consisted of high speed material particles, each w ith a mass approxi- 
mately the same as that of a proton, the behavior of the emitted protons was 
exactly what was to be expected The gamma ray hypothesis was somethms 
like assuming that a pellet of buckshot by striking a cannon ball could project 
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It forward, whereas the (neutron) particle hjpothesis made onl) the reasonable 
assumption that it was a C3«e of one cannon ball beinc struck forward by 
another 

The ease wath at hich the debatable radiation passed through thick la) ers of 
lead strond) sugsretted that the particles, if such the) aaere, were uncharced 
When a positiael) charced pamde plousrhs throush matter there are strons 
forces of attracnon betaa een it and the neipimel) charged electrons m an atom 
near w hich or throusih at hich the particle is passins In consequence, electrons 
arc pulled out of man) of the atoms in the path of the particle, the atoms arc 
thereb) ionized, and the moaansj charsred particle is trraduall) sloaacd doaan as 
Its energ) is thus expended With an xtneherged particle, hoaacacr, no such 
strong electrical forces exist and the sloaamg-doa^n process is act) much less 
rapid Indeed, direct hits on the nuclei of the atoms are mainl) respon^Ie 
for the absorption of such a pamde ba the medium through aahich it passes. 
The sloaaang-dou n process of an uncharged pamde, therefore, depends on 
two factors (1) the degree of doseness, and (2) the masses of the nudci 
\ctuall) the absorption is much greater m a light substance than in a hcaay, 
because mass for mass, there are far more nuclei m the light than m the heart 
substance Moreoier, the colliding pamde, if of small mass, bounces oft a 
ter) heav) nudeus with bttlc loss of cnergt, whereas on collision wath a light 
nudeus, such a pamde transfers much of its energ) to the struck pamde 
The fact, therefore, that lead is more transparent than light substances to 
the radiation m question is a strong argument m support of the htyiothcsis 
that this radiation from beryllium consists of a stream of neutrons pamdes 
uncharged, vi hose masses are much less than those of the nudci of lead atoms. 
If the mass of a neutron is of the same magnitude as a proton, the neutron m 
a head-on collision against a proton gi\ es up all its energi to the proton, and 
the marked absorption of neutrons b) substances containing h)drogen finds a 
read) explanation (Later work, discussed in section 20+, showed that the 
mass of a neutron is 1 00S9 on the atomic weight scale Compare this aailue 
wath 1 00S13, the mass of the h)drogen atom, and 1 00758, the mass of 
a proton ) 

Chadwack, therefore, conduded that this extremel) penetrating radiation 
consisted of a stream of neutrons generated according to the equation 

«Be* -|-,He^ = 

w here the s)aiibol for a neutron 

195 Other Methods of Producing Neutrons — A mumire of a 
radioactise source of alpha pamdes, such as radon (and its products) and 
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berjiimm is t common source of neutrons But neutrons are liberated in 
many reactions, i few of hich ire the foiiovi mg 

.0’ -f ,D = ,fL* + ,n'* 

,Be“ + + <,«’ 

jLi’^ 4" iD’ = ^Be" + ji;' 

- jHe* + ,Hc^ 4- 

,B‘* 4" iH' = «C” 4- o?P 

In the 0 4-0 resction, ice from heavy water can be the target for 
deoterons from a cjclotron It is worth while noting that this same reaction 
has been used satisfacwnl) at the Mount Vernon Hospital, London, with 
an accelerating tube operated on 300,000 to 400,000 volts Several jears 
ago the statement w as made that “ this plant has so far given an output of 
neutrons equal to that produced bj 30 curies of radon plus beryllium ” 

The exact amount of kinetic energ) possessed by neutrons after a disinte- 
gration depends on the particular nuclei involved in the reaction In the Be 
(», w)B reaction, groups of neutrons arc 1 berated, some of them with cner 
gies exceeding 10 mev In Chapter XVIII reference wdl be made to the 
atomic pile, from which a copious supply of slow moving neutrons can 
be obtained 

196 Neutron Therapy — We have desenbed somewhat m detail 
the steps leading to the discovery of the neutron, a« well as different methods 
of preparation, because there is ample evidence that biologically neutrons 
are of verj great importance Although, as we have seen, a neutron being 
uncharged does not ionize directlj, indirectly it ma} cause intense ionization 
in a very short distance For example, in passing through tissue with its 
high percentage of h}drogen, many neutrons are stopped (or slowed down) 
by direct hits (or less direct collisions) against protons These protons then 
begin to move with the energ) imparted to them b} the neutrons, and being 
heavy charged particles cause intense ionization as they are slowed down 
Since we have good reasons for bel evmg that ionization is the primary cause 
of biological changes, it is only reasonable to expect strong biological reactions 
with neutron bombardment 

Direct evidence of this has been obtained m experiments which showed tba«- 
neutrons were several times more effective m ciestro)ing malgnant cells in 


X jD’ ^ + jH* his also been obsersed 



280 TRANSMUTATION OF MATTER AND NEUTRONS 

rats than x rajs, and also in retarding the growth of wheat seedlings In this 
connection we quote from in article by Graj , Read and Mottram in Nature 
(Sept , 1919) “ Neutron energ) thus appears to be about ten times as effi- 

cient as gamma radiation energ} in its lethal effect on bean roots ” 

In Nature (Jan, 1940) J H Lawrence writes “ The intense beam of 
neutrons produced by the cyclotron has made it possible to investigate their 
biological effects on various objects such as bacteria, plants, Drosophila eggs, 
animal tumors and normal mammals This new penetrating form of radiation 
has intense biological effects, eten greater than x rays or gamma rays, on 
normal and tumor tssue, but when compared with x-rays, selectively affects 
some tissues more than others Experiments on animals indicating that 
neutrons are more destructive to neoplastic tissue than to normal tissue sug 
gested their trial in cancer therapy ” 

Both these quotations imply the use of some means of measuring effective 
amounts of neutron energy Although a unit like the roentgen has not yet 
been standardized, much use has been made of the n unit, for fast neutrons 
If the ionization chamber of a Victoreen condenser meter, shielded from 
gamma rays by lead, is placed in the path of a beam of neutrons and a dose 
of a roentgens is recorded, the customary procedure being followed, the 
neutron dose is said to be a of these « units In other words, 1 n unit corre- 
sponds to 1 r unit as measured by this particular instrument The ionization 
IS due to the protons liberated when the bakelite walls of the chamber are 
struck by neutrons This unit obviously does not fulfil all the conditions of a 
standard A more exact one would make use of true energy absorption, and 
indeed, Pollard and Davidson, in their excellent book on Afphed Nuclear 
Ph^sicsj have suggested that 1 n might be defined as that quantity which 
produces 165 4 ergs per cc of tissue This particular number is chosen 
because it is twice the energy absorbed per roentgen per cc of tissue No 
such unit, however, has been adopted and current practice is to use the n 
unit as defined above 

Many investigations have been and are being made concerning possible 
specific biological action of neutrons, as well as concerning the relative effec- 
tiveness of x-rays with dose measured in roentgens and of neutrons with dose 
in n units These investigations emphasize that “ some tissues are affected 
more than others by neutron rays ’ (Lawrence) and that “ further investiga- 
tion IS most certainly warranted to establish more definitely the degree of 
supenonty, if any, of neutron therapy over the more conventional procedures 
^ x-rays (Stone and Hamilton) Regarding neutrons of high 

energy, Mayneord states that ” the only hope for this type of therapy lies in 
a selective tumor effect and as yet (1946) such has not been observed ” Con- 
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ccrning ^low ncntn M-i\nciird sets povMitJcs insing from the reaction 
,11* 4- ««’ — ,H\ 

bcciti«; pirntm rajs ire cmititd, nnd also m the reaction 

,N“ + = ,C‘* 4* iH*. 

(‘^tc Chapter XVII ) 

197. Protection against Neutrons — From uhit has been stated m 
the prcsioits section, it ssill 1 e c\ ulent that it is highl) necessary to provide ade- 
quate prcitccmm ijimM jms il Ic neutron bomhardment It should be equall) 
clear that a substance like lead is praciicall} useless as an absorbing matcnal 
Neutrons «iH pass through se\ era! feet of lead In actual practice, protection 
IS primdfd b) surroiindiiij a neiitr/n source mth tanks of water, use being 
made of the slowint: down of the neutrons hi impacts against protons After 
some twent} roJlisi ns, a file inilh >ii electron lolt neutron is slowed down to 
such an extent that its cncr..) is <inl) aKwt one tenth of an electron solt Cer- 
tain nuclei strongl) absorb <1 nv neutrons If b< roti, for example, is added to 
the water in the tank, it beenmes a still belter absorbing la) er 

198 Neutron Bombardment and Detection — Because of the ease 
vsith which uncharged neutrons can enter (he nuclei of atoms, this particle 
has proved pariicularl) valuable in bnn^int: abnit nuclear reactions An 
excellent illustration of this is found in the fact that whereas with the fastest 
alpha particles a> iila! )e, n > disintegrations had been obtained with elements 
of atomic number ^.rcatcr than 19 before the discover) of neutrons after the 
discover) :t w as soon show n that elements of hi li at< mic weight such as gold 
were readil) disintegrated In this work the name of the Italian ph)Sast 
I ermi, now m the United States is oiitstandin? 

Nuclear reactions can be brought about b) both slow and fast neutrons, 
hut the probab ht) of a particular reaction taking place is largelj a matter of 
expenrnent Two examples of nuclear changes brought about by slow 
neutrons hate been picn at the end of section 196 Another example, in 
which an alpha particle is one of the final products, is the following 
JV*' + ew* “ ,I 1* -f ,Be* 

This IS an es|ecial!) interesting reacton, because Paneih and co-workers 
not onl) identified spectroscopicall) the small amount of hel um manufactured 
but also measured the volume liberated when the source of neutrons acted 
for a measured turn Some idea of the del cac) of Paneth’s measurements 



282 TRANSMUTATION OF MATTER AND NEUTRONS 

IS obtained from the fact that he was dealing with volumes of the order of 
one ten-milhonth of a cubic centimeter 

This reaction is important for another reason, because it is the basis of a 
method of detecting and counting slow neutrons with an ionization chamber 
and counter (See section 171) As alread) emphasized, neutrons do not 
themselves ionize Suppose, however, that a beam of slow neutrons enters 
the ionization chamber of a counter designed for alpha rays which is filled 
with the gas BF 3 , boron tnfluonde The a)Li^ reaction takes place 

and the emitted alpha rajs can be counted m the usual way. Alternately, 
the chamber can be filled with an ordinary gas and lined with a thin layer 
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Fig 20s Enlargement showing the tracks m a photographic emulsion of an alpha particle 
(on the left) and a tnton (on the right) which resulted from a neutron coalescing with 
a Li' nucleus 

of boron In either case the number of counts is propordonal to the number 
of alpha particles and hence to the number of neutrons giving nse to them 
Fast neutrons could be detected with the same arrangement by placing m 
the path of the neutron beam a thick block of paraffin to slow them down 
Fast neutrons can also be detected and counted if recoil protons are generated 
in the gas of the chamber Recoil protons arising from collisions in which 
fast neutrons give up most of their energy to protons which they hit must 
not be confused with protons ansmg from nuclear disintegrations, such as the 
following 

This is an important reaction for another reason which will appear in Chanter 
XVII 

Figure 205, a photograph reproduced through the kindness of Professor 
Pierre Demers, of the University of Montreal, is a good example of the 
photographic method of revealing tracks of particles, and also a stnkmg visual- 
ization of the nuclear reaction 

,Li" -I- = jHe* + 

Prof^r Demers reports that a slow neutron emerging from the atomic 
pile at Chalk River, Ontano, struck a nucleus of a Li“ atom embedded in a 




.THE POSITRON, THE MESOTRON, AND COSMIC RAYS 283 

pliotographic emulsion The middle arrow in the photograph marks the 
spot where the alpha particle and the as the nucleus of the isotope H’ 

IS sometimes called, originated The alpha ray track is the denser one on the 
left, the tnton on the right 1 he cqvinalent range iw otr of the alpha particle, 
as determined from its path length in the emulsion, is I 07 cm , which means 
that us initial kinetic energy was of the order of 2 mev The actual length 
of the path tn the etnuUtoH is a small fraction of a miTJimeter 

Certain nuclear reactions initiated by neutron bombardment liberate 
neutrons, as, for example, 

fN“ 4' oM* — jN^* "i- -4" o«*. 

In this particular type, as will be seen in Chapter XVII, no energy is released 
Of far greater importance is the phenomenon of /fixiou, m which the nuclei 
of certain heavy atoms are split by colliding neutrons with liberation of neutrons 
and also with a large amount (about 200 mev) of energy per fission This 
question IS discussed in detail m the next chapter 

199 The Positron, the Mesotron, and Cosmic Rays — In section 
41 It was stated that at all times there are a few stray ions present m air The 
study of the cause of the feeble conductivity arising from these ions led to the 
conclusion that the earth’s atmosphere is traversed by a radiation of as yet 
unknown origin, coming m “ from out of the everywhere into here ” This 
radiation is now called casmte ra)s Hundreds of investigations have been 
made and hundreds are in progress, concerning the nature of these rays Al- 
though much information has been found, the question of cosmic rays presents 
many problems still unsolved and m this text details would be out of phee 
a result of these researches, two new particles have been discovered, the fosttron 
and the melon or meiotron In the discovery of these particles cloud track 
photographs played an important part 

Figure 197 reveals a phenomenon which frequently occurs when a cosmic 
ray stnkcs a substance like the metal plate As is seen in this photograph a 
shower of electrified particles, ongtnating as a result of the impact of a cosmic 
ray, has emerged from a center marked C, in the material surrounding the 
cloud-track chamber When this photograph was taken, the particles had to 
traverse a magnetic field, and hence the curvature m opposite direcoons 
strongly suggests that there are two kinds, one with a positive charge, the other 
with a negative The only known negatively charged particle is an electron, 
but we have become familiar with two positive particles, alpha rajs and pro 
tons The assumption that the path curved in one direction is caused by an 
electron is greatly strengthened by the appearance of the trail, because the Imle 



284 


1 RANSMl 1 A 1 ION 01 M \ H I K \N’l) M 01 RON'S 

dots rtprtscmiHj; ions 1 .ok tsutl) tlic s.ime ns tliirso «.l nmcJ ssitli l»cti n}s 
nml fist ikstriins Mr.rcoscf, cstunitts of tlic ciiirg) «»f stieli pnrticlcs, Inscil 
cn tlu mtnsurcd ».tirsiturc of tluir tricks (ind tlic issimiption tint tlic) irc 
lUttioiis), kid to Slims in i^ncincnt ssith oltstrsitions of tlicir toni/ition 
mil their pciutntinj powers W^c ^ct into diflicultics, luisscscf, sslicn ssc trj 
to iscnhc the trill of opposite cursiliirc to either in ilpln pirttelc or i proton 
rim trill iko looks cMctl) like tint of in electron, nrid not it ill like the 
hcis> continuous line representing the tnil of in ilpln pirlielc or of i proton 
If, disregirding this similiritj to the pith of in electron, the pirticle is issiuned 
to he cither in ilpln ri) or i proton ind ns ciurg) is cilculited miking u-se 
of the imoiint of ciinitiirc, sikics ire ol tuned fir to<i smill to iccount for 
the olscrscd penetratmi; power. All tlic csidence, thcrchirc, indicites tint 
the trill is ciiised hj i positisel) chirj,cd pirticle of miss compirihle with tint 
of in eketron When cosmic ri} clmid-tnck photognphs w ere first nken, no 
such pirticle w is know n to exist, hut this w as the conclusion to w hich Anderson 
in the United States, in 1932, md not long ifterwirds lllickctt m Lncland 
svere driven 1 his new pirticle wis gi\ cn the mmt poitlrot; 

Another good example of the trick of i positron is shown in Tiz 196 

Although the positron is, in mm) wajs, the coiinterpirl of the electron, it 
differs from it in one important respect, hcciusc unlike the ubiquitous stihle 
electron, the positron is in extrcmcl) short-lned unstable pirticle If electrons 
ire about, and the) ire ubiquitous, i positron ind in electron will embrace 
giving rise to gamma radiation, again a mittcr more full) cxpliined m the 
next chapter 

The mesotron revelled its existence in cxpinsion clumbers is i trick, heivicr 
than that of an electron or i positron, but less heav) thin that of i proton It 
has now been definitel) estiblished that it is in unstible, short-lived pirticle, 
which ma) he either positive or negative, hiving i miss of the order of 200 
times that of an electron Mesotrons have not )et been creited or released 
by artificial means There is evidence, however, that b) suitable nuclear 
bombardment with particles possessing a few hundred million electron volts, 
this may be possible This is one reason michines ire being developed for 
producing particles with such lirge amounts of energ) 

In concluding this brief reference to cosmic n)s, it is interesting to note that 
there is evidence that the ri) s come in from outer spice with energies exceeding 
a thousand million electron-volts 
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fore, but an atomic number one less In the case of lal’'** the nucleus left, 
therefore, must have an atomic number of 14, hence it must be silicon 
We may write 

where ic'*' is the sjmbol used for a positron 

The half-period of P’® is a little less than three minutes 
To distinguish an unstable, radioactive isotope of an clement from a stable 
one, particular!} when the element occurs in nature onlj in its stable form, the 
prefix radio ma) convenient!} be used Since, however, the same element may 
have more than one radioactive isotope, the mass number should also be speci- 
fied The element phosphorus, for example, has a radioactive isotope of mass 
number 32, as well as of 30 

Radiophosphorus® , or isP®*, is of much greater importance to the radiolo- 
gist than , 5 ?’“ because its half-period of 1 4 3 da}s is so much longer The fol- 
lowing equations describe three of the several wa}S in which it can be prepared 
-P == 1=?®’ + iH® 

„P” 4- iD’ = i,P®’ + 
i.Si®" -!- zHe^ = „P®® + 

When uP®" disintegrates, beta rays are emitted, hence laS®’ must be the final 
stable product, in accordance with the relation 
^P®" = 

A second interesting example of a radioelement is uNa®* which may be 
manufactured by methods such as the following 
iiNa®® -1- = i.Na’" + 

, Mg"-‘ -i- = z,Na * + 

«Mg®“ -f iD* ~ ,iNa " -f- ,He* 
iiNa’® 4- = uNa** 4" gamma 

When radiosodium'’® disintegrates, with a half period of 14 8 hours, 

IS the stable product and beta and gamma rays are liberated In symbols 
we write 

„Na®‘ = „Mg“ 4 - 4 - Y 

Radiosodium*'* may readily be made m quantities which are the equivalent 
of thousands of dollars worth of radium 

In passng it is interesting to note that sodium has in all the following five 
isotopes four of them radoactve with half periods gnen in brackets 
Na*‘ (23 sec ) Na (3 0 years) , Na ® (stable) , Na * (14 8 hours), and 
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Na ’ (^2 sec ). There w nothing jnrtictilarlj unique about this, for it applies 
to ftnty other elements. We I«t the isotopes of carbon because, hke sodium 
and the elements listed m 'fable .WAV, it is of importance in biological 
problems Carbon has m all three radioactise and iv>d stable isotopes 
C‘* (8 8 sec ), C“ (20 5 mm ), C'* (stable, 98 9 per cent), C” (stable, 

I I per cent) , C" (1000 jenrs) 

In Table A' XXV, the numbers m brncicets after ben particles gne max 
imum sallies of their enerines The same applies to the energy possessed 
hj the photons of gamma ndntinn (see section 202) 


T>»le V\\\ 


Radioelemeni 

Rad anon and Fnergy 

flatf periol 

tl' 

I'sta" ( 00 (J mev) 

31 years 

0‘ 

l>cta+ (0 95) 

20 5 m ns 

o* 

beta" (0 145) 

1000 years (>) 


ber3+(092, 1 20 ), 7(0 28) 

99xniJ 


Jvta*- (0 ts) 

3 jearj 

^a>‘ 

f'eta-{M).70 J 8,2 7J} 

HShrs 

pM 

beta- (I e9J 

' M3 days 

S" 

beta" (0 17) 

87 r days 

k« 

beta- (3 5) 

12 4hrs 

Ca“ 

beta" (02), 7(0 7) 

180 days 

Fe” 

beta" {a26, 046), >(1 JO, 1^) 

47 da vs 

Co*’ 

beta~(0Jl). 7(1 10, 1 30} 

5J years 

Si** 

beta- (I 32) 

55 days 

t'« 

beta- (0 03, 0 69), 7(0 367, 0080) 

8 days ) 


201. Biological Uses of Radioelements — Broad]} speaking, the 
biological and medical uses of radioelements may be dmded into two 
mam classes (a) as tracers or mdrcitors or spj atoms, and (b) as thera 
peuiic agents The use of radioactive maternls as indicators depends on 
two facts (1) The it)ni7ition method of detecting and measuring small 
quantities of a radioactive substance is so sensitive that it is possible to meas- 
ure quantities millions of times less thin tlie smallest amount detectable 
even by the spectroscope Hevesy and Pineth, who were pioneers in 
the use of radioactive elements as mdicitors, state that whereas “spectros- 
copy can often not onlj detect, but even measure, much smaller amounts, 
down perhaps to 10“® or 10"*® gni only the methods of radioactivity 

are able exact!} to determine quantities of matter of the order of, say, 10 ’^gm ” 
(2) Stable isotopes and unstable nr radioactive isotopes of the same element 
have identical chemtea! properties and, therefore, cannot be separated b> 
chemical means 
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Now long before the discover) of artificial radioelements it was realized, 
notabl) by Hevesy and Paneth, that if a small amount of a radioactive isotope 
was mixed with a large amount of a stable isotope of the same element, the 
activity of the radioactive portion would reveal the presence of the whole 
quantity Bismuth and radium E, for example, are isotopes with the same 
atomic number 83, and if these substances are mixed, it is impossible to sep- 
arate them by chemical means But, wherever the mixture is, its presence can 
be detected by the signals which the unstable atoms of radium E send out in 
the form of ionizing beta radiations Moreover, because of the extreme sen- 
sitivity of the ionization test, only a very small amount of the radioactive 
tracer or indicator is needed This particular example has been given, because 
bismuth is used m the treatment of s}philis, and by the addition of radium E, 
it was possible to investigate “ the rate at which different bismuth compounds 
are resorbed after injection ” (Hevesy and Paneth) 

The discover) of the comparative ease with which it is possible to manu- 
facture radioactive isotopes of elements present in plants and animals has 
naturally led to their use in biological and phj siological investigations P’ , for 
example, because of its fairl) long half-penod and its importance m body 
metabolism has been used in the study of man) problems A small amount 
of the radioactive element, mixed with sodium phosphate, for example, is 
introduced into the body by the mouth and the subsequent behavior of the 
phosphorus traced by the use of a sensitive detector of ionization, such as a 
Geiger-Mueller counter It is not the object of this book to go into details 
concerning results of such investigations, but it is interesting to note that it 
has been shown that the role of phosphorus in bones, for example, is a dynamic 
process, that is, atoms of this element are constantly being replaced by the 
arrival of fresh atoms 

The same methods applied to plants have shown that in the leaves of maize 
and sunflowers, phosphorus atoms wander about, the same atom moving from 
one leaf to another in the course of a few days 

A different method of detection of the tracer atoms is nicely illustrated 
by Fig 206, a photograph originally taken b) Dr Perry Stout and reproduced 
through the courtesy of Radiology and Dr J M Cork, the author of an article 
in that journal The photograph shows the concentration of phosphorus in 
the stems of the leaf of a tomato plant In this case the plant is grown in a 
solution containing a small amount of P®* Subsequently a leaf was placed 
in contact with the emulsion of a photographic film which was affected by 
the beta rays from the radioactive phosphorus 

Although the half period of is much shorter than that of P*’, it also 

has proved useful as an indicator Common salt, to which a little N-i* has 
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hcen f.^n he tletectcd m a Iniul ten mirnites after n has been swallowed, 

and «hen a solution of common salt is injected intravenous!; m one hand, 
twent) seconds later sodium appears in the other ' 

A good example of the use of Na'* is gnen bj a somewhat extensive investi- 
gation bj Smith and Qmnihj In this ivorl^. normal saline was injected mtra- 
vcnmtsl; into some 200 patients with peripheral vascular disease, and ‘ th« 
circulation of the blood was 
traced bj followm;* (with a 
Geiger- \lucllcr counter) the 
sodium It earned ” 

As another illuMration of the 
use of a radioclcmcnt as a tracer, 
we quote from an article hj Dr 
J L Lawrence, on the use of 
radioiron jn iniesnjatJonv bj 
Whipple and associates, and Aus- 
toni and Greenberg ” When 
radioactive feme salts were given 
orallj to normal and anemic ani- 
mals and the animals were sacri- 
ficed at various penods thereafter, 
the uptake of the tagged iron, as 
determined by Geiger counter 
measurements, w as from 4 1 to 
12 7 per cent in the anemic ani- 
mals and 0 OS to 0 24 per cent 
in the normal controls These 
studies indicate tliat tlie uptake of 
the radioiron is determined hj the 
need of the body for iron ” 

According to Evans one of the 
experts in the field of radioactive 
tracers, m some branches of such work, only a single spy or tracer atom is 
needed for each ten blhon to a million billion normal atoms 

The fact that certain elemenw or compounds appear in excess fv local reborn 
suggests the therapeutic use of radioelements for diseased areas For example, 
jodme concentrates m the thyroid gland, a fact amply venfied by the use 
of I**‘ as a tracer element It follows that, in diseased conditions, if 
iodine containing the radioactive vanety is administered to a patient, the 
radiation from the I”* might have beneficial effects There is evidence 



riG 206 Aufo-raJ ograph showing the dism 
bution of radiophosphorus in the leaf of the 
tomato plant (Ongmal by Dr Ferry Stout J 
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that this IS true m the treatment of hjperthyroidism, but this whole field 
IS so new that much careful experimenting is necessary before final conclu- 
sions can be reached 

The possible use of radioelcments as therapeutic agents is indicated by the 
results of another investigation, by Evans and Quimby, dealing with a com- 
panson of the effects on white mice of whole body roentgen radiation and of 
radioactive sodium They report that “ it has been found that 10 microcunes 
of radioactive sodium per gram of body weight injected subcutaneously im the 
normal mouse are equivalent in effect to 100 roentgens of heavily filtered 
200 Kv roentgen rays ” 

More striking is the statement by Rhoads and Solomon that “ radioactive 
phosphorus is probably the best therapeutic agent available at the present time 
(1946) for polycythemia vera ” 

These few examples should give the reader a general idea of a whole field 
of activity, in which, although many investigations have already been earned 
out, especially with phosphorus and iodine, the future has amazing possibUmes 
One of the most important results of the recent developments m nuclear 
energy discussed in Chapter XVIII is the ease with which large quantities of 
radioactive isotopes may be manufactured Many, but not all, of these are 
listed in Table XXXV, and it will be seen that emitters of both beta and 
gamma rays are available In this table, as previously indicated, energy^ 
values have been given The significance of this will be understood better 
after a study of the work in the next few sections 

202 Gamma Ray Bombardment — In sections 123, 130, 132, and 
135 reference was made to the view that radiation must be thought of as 
existing m energy units called quanta It will be recalled that for radiation of 

wave length A, a quantum has the value ^ ^ ^ where h is Planck’s universal 

constant of magnitude 6 56 X 10-« erg X sec , and ^ represents the velocity 
X 10 cm per second with which all electromagnetic waves travel It was 
pointed out also that sometimes it is necessary to think of radiant energy travel- 
ing through space as photons, each photon having a quantum of energy Using 
this point of view, for example, we saw m section 132 that it was easy to ex- 
p am t e production of recoil electrons when x-rays are scattered In section 
35 It was also shown that, if we express in electron-volts the energy of a 
photon of radiation of wave length A angstroms, we obtain the result 

Energy of photon = — ^ electron volts 
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Tor a gamma ray of wave length 0 00^6 ingstrom, one of the shortest 
emitted b} radium C, this gives the value 2 2 X 10* e v , that is, over two 
million electron-volts If, now, we keep in mind that photons may have 
energy values as large as this, it should not be surprising to learn that nuclei 
of some atoms can be disintegrated by gamma ny bombardment VVe note 
two examples ( I ) Using gamma raj^ from thorium C", of magnitude 2 62 
million e V , Chadwick and Goldhaber disintegrated deuterons into protons 
and neutrons, in accordance mth the equation 

iD* + y = iH^ + 0 ^^ 

It follows that, if a proton picks up a neutron to form a deuteron, the con- 
verse reaction should take place and energy be released as radiation This, 
indeed, is not uncommon when a neutron is captured A few examples arc 
jjCu®^ -f- ~ 2 aCu*“ + radiation 

"f- ~ 7 aAu^®® 4 * radiation 

isP^^ “H oeA + radiation 

In passing, it may be noted that this process is a common naj of making radio- 
active isotopes, since man> of the products, like Cu®*, Au^“* and P*’ arc 
unstable. 

(2) Our second example of photodisintegration is the following 
jBe” + y = 4 BC® + niP 

To bring about the disintegration of Be', the photons must have energ) 
exceeding 1 4 mev. Energies tar m excess of this amount are necessarj to 
disintegrate the great majonty of stable isotopes, and as jet disintegrations hj 
gamma ray bombardment are not numerous However, with betatrons and 
other instruments developing x-rajs by the stoppage of electrons possessing 200 
mev or more, the future should reveal manj more photodismtegrations 

Mayncord points out the possibilitj of biological effects resulting from the 
photodismtegntion of elements in tissue, such as C, O and N If 20 mev arc 
available, carbon, for example, can be disintegrated in accordance with 

aC*’ + 7 = 

being radioactive, biological effects are to be expected 

It should be noted that the probabilitj of reactions of this kind taking place 
is not high, photons with 20 mev being more hkelj to give up energy to recoil 
electrons or for the formstion of pairs, (See section 206 ) 

203. Mass and Energy — The work on disintegration and transmuta- 
tion has shown that the nuclei of a toms must be complev in siruetiire In pres- 
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ent day physics one of the important problems is the elucidation of this structure 
It IS not our purpose to go into details about the information which so far has 
been obtained, but there is one question relating to nuclear structure and 
nuclear transformations which is so fundamental that some explanation of it 
must be given This has to do with the equivalence of mass and energy 
In section 190 it was pointed out that, in equations dealing with nuclear 
reactions, the sum of the mass numbers on each side of the equation must be 
the same Thu^ however, ts true only to a first ap-proxtmatwn If use is made 
of the accurate values of atomic weights found b) the mass spectrograph, a few 
of which are 1 sted in Table V, section 48 a very si ght discrepancy between 
the sums is found As an example consider again the reaction 
sLi^ + = sHe* + ^He* 

If we set down in a kind of balance sheet, the accurate mass values, we see at 
once that the sum on the right s de of the equation is distinctly less than the sum 




After 


Mass of L> 7 01818 
Mass of = 1 00813 

Sum = 8 02631 


Mass of He* — 4 00386 
Mass of He* = 4 00386 

Sum = 8 00772 


on the left The discrepancy is not great, being only 0 0186, but it is far too 
large to be described to experimental error In the transaction, apparently 
mass has been lost What has become of it? 

The answer to a question of this kind had already been given by Einstein, 
who showed that every form of energy has an equivalent mass It is a wrong, 
although a very common, idea, to consider mass and matter synonjmous It 
IS perfectly correct to state that inert matter has mass, but the converse is not 
necessarily true, because all mass is not associated with matter Energy, too, 
has mass A photon, for example, has mass, and the mass of a proton is greater 
when it IS moving than when it is at rest by the mass equivalent of its kinetic 
energy 

In symbols, Einstein’s law is written 

r * E 

t, — mc^ or m = ~ 

where E represents the amount of energy, e is the velocity of light, and m the 
equivalent mass Let us put the matter in numbers 

The mass of a h)drogen atom — 1 66 X 10"” gm , and c = 3 X 10’® cm 
per sec If, therefore it was possible to annihilate a h)drogen atom, although 
inert matter would disappear, the mass would now be associated with an 



MASS AND ENERGY 


293 


amount of energy g:iven bj 

£ = I 66 X 10'** X 9 X I0« ergs 
If this energy is expressed as V electron volts, then we write (see section 35) 

y 

^ X 4 8 X 10 = J 66 X 10-» X 9 X 10*“, 


from which 

r := 933 ixiev 

Thus, we may state that the disappearance of about 1 unit of matter on the 
atomic weight scale should release about 933 mev, hence the disappearance 
of 0 001 of a unit releases about 0 933 mev Approximately we may use 
1 mev as the equivalent of 0 001 1 of an atomic weight unit 

On this view, then, conservation of mass holds only tf tve include the mass 
equivalent of any energies mvohed in a transaction The truth of this was 
proved by direct experiment for the reaction + ,H’ — -.He^ -f- iHe* In 
one expenment it was shown that when the bombarding proton had 300,000 
e V of Icmettc energy each of the emitted alpha particles is ejected with 8 7 
mev of kinetic energy When these energ) values are taken into con- 
sideration and Einstein’s law is applied, there is agreement to a high order 
of accuracy between the total mass on one s de of the equation and the total 
on the other Our balance sheet now is written * 


Beroae 

Rfass of J thiam* atom 

Mass of bombarding hydrogen* atom 

Mass equivalent of 300 000 e v 


300000 
“ 933 000 000 


= 7 0J8J8 
» ] 008)3 
= 00032 


TotaJ 




Mass of 2 helium atoms « 2 X 4 00386 “8 00772 

Mass equ valent of 8 700 000 e v «= 933 000 000 

Mass equivalent of 8,70O,0CO e v «» 00933 

Total 

•The object on may be made to the numbers g sen m the balance sheet that the mass 
of the nuclem should be used, not that of an atom Tli s is perfectly true, but no error 
IS introduce! into the calcuht on$ because the atom e mass is subst tuted for the nuclear 
mass on each s de of the equal on Putt itfr it in another s'a> ne hue added to the 
nuclear masses on each side the n asses of four catrartuclear e}eirroni 
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204 Mass of the Neutron — By appl)ing the law of conservation of 
energy (or of mass) m its exact form to the nuclear reaction 
iD* -f V = iH‘ + 

It IS easy to evaluate the mass of a neutron (See again section 202 ) On 
the left hand side of this equation, the mass is 2 01472, for D*, plus 2 62/933, 
or 0 00281, the mass equivalent of 2 62 mev, making a total of 2 01753 
On the ngbt hand side, we must record 1 00813 for H‘, plus x, the mass 
number of the neutron, plus the mass equivalent of the energy of motion of 
the disintegrated particles Now, by measuring the amount of ionization 
produced b) a proton, Chadwick and Goldhaber showed that the energy of 
motion of both the proton and the neutron in this reaction was about 0 5 mev 
Since this amount has a mass equivalent of 0 00053 unit, the total to be 
recorded on the right side of the equation is 


Hence, 


1 00813 + 0 0053 + X, or 1 00866 + x 
2 01753 ^ 1 00866 + x, 


or *■ = 1 0089, to 5 significant figures 


205 Emission of Gamma Rays in Nuclear Reactions — In the 
proton lithium reaction the form of the energ) released was kinetic, but this 
IS not the only kind which may appear Sometimes radiant energy is released 
when a nuclear reaction takes place For example, when protons bombard 
boron”, gamma rajs are emitted as a result of the transmutation 

Since the mass of B” = 11 0128 
and the mass of = 1 0081 

or the total = 12 0209 

and since the mass of C‘ = 12 004, 

we see that the lost mass, or more accurately, the loss of mass associated with 
matter =0017 unit Hence, energy is released to the extent of 17 X 
0 93 or about 16 mev Expenmen tallj, when this reaction takes place 

an emission of gamma rajs is observed, with energy reaching a maximum 
value of 16 6 mev From observation and measurement of the energy of 
gamma rajs emitted in such a reaction, valuable information is obtained about 
the vanous states or conditions in which the nucleus of a stable atom may exist 
This emission of gamma rajs must not be confused with the gamma radia 
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photoelectnc effect From 200 kilovolts up, recoil electrons predominate. 
If the radiation consists of photons with energy around 50 mev, pair produc- 
tion IS the most important factor causing absorption. 

As might be expected, the converse to pair production can take place and 
has been observed experimentally When a positron and an electron come 
together, they disappear giting birth to energy m a process which can legiti- 
mately be called annihilation of matter. Obviously the union produces 1.02 
mev of energy in the form of gamma radiation. 


PROBLEMS AND QUESTIONS 

1 Enumerate three ways of obtaining! voltages of the order of 50,000, and one way 
of obtaining, 1,000,000 volts 

2 With reference to the equation 

i^Na^* + 

explain (i) what experimental fact this fells y ou , (ii) the meaning of the subscript and 
superscript numbers, (iii) why is called radiosodium 

3 What is the difference between stable and unstable isotopes? Give one example of 
each class 


4 Write down the transformation equation when radiosodium is formed by the 
bombardment of magnesium (atomic weight = 24, atomic number = 12) by neutrons 

5 (a) When sulphur (atomic weight 32, atomic number 16) is bombarded with nuclei 
of heavy hydrogen, radiophosphorus (atomic weight 30, atomic number IS) is one of 
two products By writing down the transformation equation, show what the other 
product must be (b) Why is the term radiophosphorus used? 

^ protons are obtained when a certain element is bombarded with neutrons 

Find the atomic weight and the atomic number of this element 

7 (a) Discuss as fully as you can the passage of neutrons through matter, describing 
the various interactions of the neutrons and atoms which may occur Where possible 
make specific reference to tissue (b) Write the reaction equation for one method that 
has been used to obtain neutrons m abundance (c) What protection would you use 
against a powerful source of neutrons? 


u * t, ^ V f^Jitltophosphorus is produced in the following ways, in each of which 

* 'k ^'k particle is absorbed (i) sulphur (atom c number 16, mass number 32) 

IS bombarded with neutrons, (n) chlorine (atomic number 17, mass number 35) is 
bombarded with neutrons, (iii) phosphorus (atomic number 15, mass number 3l) is 
om ar ed with deuterons, (iv) silicon (atomic number 14, mass number 29) is bom- 
ar e w« alpha particles Write the equations for these reactions (b) What 
radiation ,s emitted by and what i, its half period? 

k k 1 j bombarding alpha particles were used in the experiment 

flmk,,i r of neutrons (b) Neutrons are sometimes produced by the 

1 k k**L/^* lithium isotope of mass number 7 by high speed deuterons Write 
down the probable transformation equation (c) Explain one method of manufacturing 
radioactive sodium 


a* nuclear equations, (i) hoxv neutrons are obtained by the nnethod 

used m the original discovery , and („) by bombarding ice made from heavy water 



CHAPTER XVIII 

URANIUM FISSION AND ATOMIC PILES 

207 Energy from Destruction of Matter and Nuclear Fission. 
— If man could destroj matter and harness the cnergj released, the conse- 
quences would be amazing Although 1 million clcctron-tolts are equal to 
only 1 6 X 10““ erg, the number of atoms m e\en a few milligrams of matter 
IS so enormous that, tj they all did disappear and change into cnerg), the 
results would be startling If we use the relation E ~ we find that for 
m ~ \ gram, E is 250 million kilowatt hours At once it ma) be stated 
that no such disappearance of matter has been observed 

We have seen, however, that when nuclear reactions lake place, sometimes 
there is a loss of mass associated with matter, with an equivalent release of 
energy For example, the results of the bombardment of lithium hj protons 
suggest that in this process we may have a useful release of energy A single 
0 3 mev proton brings about the release of two alpha particles, each with 8 7 
mev, and this looks like a profitable business The profit, however, is more 
apparent than real because, for every proton which hits a lithium atom in the 
right way to cause this reaction, some ten million protons are fired without 
making any direct hits Since the energy expended in shooting this large 
number is entirely wasted, the efficiency of this reaction as a source of power 
IS extremely low 

Still another means of obtaining energy from the disappearance of matter 
IS provided by the phenomenon of fission, a type of disintegration in which a 
heavy nucleus, like uranium, after coalescing with a neutron, disintegrates 
with two particles of comparable size as its major products 

More than one country shared in the honor of the discovery of fission In 
1938, Hahn and Strassmann in Germany, following up work done by Cune 
and Savitch in France, found that a group of the radioactive bodies which 
resulted from the bombardment of uranium by neutrons were chemically 
similar to the element barium They eventually concluded that banum was 
a product of the uranium neutron interaction Now the formation of an 
element, such as banum, which occurs in the middle range of the penodic 
table, as a result of the union of a very heavy element like uranium with a 
neutron, was such a new and unexpected phenomenon that it was startling 
But there was no doubt about the matter 
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higen, come to the cone usion capture, divide itself into two nuclei 

Stabilit) of form and ^ ^ « ^ggion ” to describe the 

of roughl) equal size. T ,^,11 ^epel each other and 

of about200 million electron-volts” This 

picture of fission was soon well estab is c . 

duf.:r 1^;“ ;mfesso^e University 
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Now consider the clement binum'*' Since its itomic mass is 137 
average mass of its 138 neutrons and protons is slightl) Ifti thin 1 Ihc 
same ma) be said of hntlnnum’”, mother clement which ippeirs is a fission 
product, with an atomic mass of 138 955 When, therefore, a hcav) nucleus 
such as U’” gises rise on disintegration to products of intermedntc weight 
like I3a and Li, there is i loss of miss issocnted with matter and hence a 
gun of cnerg) Remembering the conversion relation, 0 0011 of an atomic 
miss unit IS equal to 1 mc\, tlie reader cm show from the alxwc numbers 
that approximate!) 200 mev arc released per fission 

As alrcad) indicated, in terms of kilowatt-hours 200 mev is m cxtremcl) 
small amount of cnerg) Hut if a suflicicntl) large number of atoms 
undergo fission, the resultant release of cnerg) cm lx: ver) large I or exam- 
ple, if all the atoms in one pound of U“* arc di integrated in this wa), the 
total energy released is of the order of 1 1 million kilowatt-hours 

208 The Cham Reaction — 'I lie second reason w h) fission IS so 
important from the cnerg) standpoint is due to the fact that in addition to 
the two lieav) fragments, the products of disintegration include one or more 
neutrons Thus, fission is catiirti l/y tieulrons, and nruirom are emitted tn 
the -process It ts therefore possible that, once fission is started, these emitted 
neutrons, or some of them, can cause further fission, with further emission 
of more neutrons, thus giving a chain reaction with liberation of cnerg) con- 
tinuing as long as the disintegrating chain goes on If the cnerg) is liberated 
at an extremel) rapid rate, a bomb ma) result, if, however, the rate ts slow 
and controlled, there is the possibilit) of harnessing the cnerg) released as a 
new source of power 

What then, arc the possibilities of establishing such a chain reaction, and, 
if established how can it be controlled so that, once started, it does not run 
amok like a fire in a dr) forest^ The answers to these questions were pro- 
vided dunng the )ears of World War II, in work of such importance that 
we are sometimes said to live m a new age, designated b) the much abused 
word atom c As this work has far-reaching consequences m radioing) , we 
shall examine somewhat carefully the conditions ncccssar) to establish a 
chain reaction 

We have noted above that in a single fission, from 1 to 3 neutrons arc 
emitted Suppose that the average number is 2 and that each liberated 
neutron is able to bring about further fission It is easy to see that the total 
number of neutrons would rapidly increase, being 2 after the first generation 
then 4 or 2 then 8 or 2* and so on until in a short time the number is ver) 
large When an atom c bomb explodes, this rapid chain increase actuall) 
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Now consider the element banum”* Since its atomic mass is 137 916, the 
average mass of its 138 neutrons and protons is slightl} lest than 1 
same may be said of lanthanum”®, another element which appears as a fission 
product, with an atomic mass of 1 38 95 5 When, therefore, a heavy nucleus 
such as U*®* gives rise on disintegration to products of intermediate weight 
like Ba and La, there is a loss of mass associated with matter and hence a 
gam of energ) Remembering the conversion relation, 0 001 1 of an atomic 
mass unit is equal to I mev, the reader can show from the above numbers 
that approximately 200 mev arc released per fission 

As alread) indicated, m terms of kilowatt-hours 200 mev is an cxtremclj 
small amount of energy But if a sufficient!) large number of atoms 
undergo fission, the resultant release of energ) can be ver) large For exam- 
ple, if all the atoms in one pound of U®” are disintegrated m this wa), the 
total energy released is of the order of 1 1 million kilowatt-hours 

208 The Cham Reaction — 'The second reason wh) fission is so 
important from the energy standpoint is due to the fact that m addition to 
the two heavy fragments, the products of d s ntegration include one or more 
neutrons Thus, fission is caused by neutronSy and neutrons are emitted in 
the froccss It is therefore possible that, once fission is started, these emitted 
neutrons, or some of them, can cause further fission, with further emission 
of more neutrons, thus giving a chain reaction with liberation of energy con- 
tinuing as long as the disintegrating chain goes on If the energ) is liberated 
at an extremely rapid rate, a bomb may result, if, however, the rate is slow 
and controlled, there is the possibility of harnessing the energy released as a 
new source of power 

What, then, are the possibilities of establishing such a chain reaction, and 
if established, how can it be controlled so that, once started, it docs not run 
amok like a fire in a dry forest^ The answers to these questions were pro 
vided dunng the years of World War II, m work of such importance that 
we are sometimes said to live in a new age, designated by the much abused 
word atomic As this work has far reaching consequences in radioing), we 
shall examine somewhat carefully the conditions necessary to establish a 
chain reaction 

We have noted above that in a single fission, from 1 to 3 neutrons are 
emitted Suppose that the average number is 2 and that each liberated 
neutron is able to bnng about further fission It is easy to see that the total 
number of neutrons would rap dly increase, being 2 after the first generation 
then 4 or 2* then 8 or 2*, and so on until in a short time the number is vef) 
large When an atomic bomb explodes, this rapid chain increase actually 
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tikes place, but, with ordinary masses of even purified uranium there is no 
such chain reaction for seven! reasons (a) The element uranium consists of 
abQut^99 3 per cent of 0 7 per cent of and such a small fraction 
of U"** that in our discussion it may be neglected Now U®” undergoes 
fission much more readily than LT^” To be more exact, fission of U ** 
IS brought about by neutrons of any speed, ver^ slow thermal neutrons (with 
energ} of the order of 0 025 mev) being most effective of all On the 
other hand, although neutrons possessing more than 1 mev of energy cause 
fission in U"”, those uith cnergj less than that amount do not do so Since 
the average kinetic energy of neutrons liberated by fission is a little less than 
I mev, fission of is decidedly small (b) These fast neutrons, with 
energ} a little Jess than 1 mev, on scnking nuclei of atoms of bounce 
off losing onl) a little energy at each collision (because the mass of is 
so much greater than that of a neutron) The}, therefore, keep bouncing 
about, most of them making man} collisions and so being gradually slowed 
down, until they are all accounted for by the following processes (i) A few 

hit the relative!} small number of nuclei, causing fission (n) Some 

escape altogether from the mass of uranium m which the} were ongmally 
generated (lu) Some have been slowed down enough to be captured ly 
U***, without resulting fission This capture is a very important process 
tthtch takes place %ttth a htgh degree oj prohabthty jor neutrons ictth energy 
about 38 electrott-tiolu (iv) If the uranium contains impunties, man) neu 
trons are captured by their atoms 

We sec, therefore, that if a certain number of neutrons arc present at any 
instant in a given mass of uranium, as time goes on there ill be a gam in the 
number because of fission of U“* (2 to 3 being liberated per fisson), and a 
loss due to escape and to capture by and by impurities 7/ the losses 
exceed the gatns^ the number of neutrons tvrff steadily decrease, end a chain 
reaction tt not possible Actually, none is set up in ordmaiy uranium To 
establish a chain resctioTi, as is done in atomic files , the practical problem is 
(a) to make the gams just exceed the losses and (b) to devise a control bj 
means of which the process can be started or stopped 

Gams can be increased by increasing the percentage of U^**, that is, by 
enriching the pile, to use the technical phrase With a mass of ordinal} 
uranium, this need not be done, because by certain means immediately to be 
explained, it is possible both to increase the gam and decrease the /oss 

Loss due to escape can be lessened by increasing the size of the mass of 
uranium This is because escape of neutrons depends on the area of the 
surrounding surface, whereas production depends on the volume of the ma- 
tenal Since the area of a sphere, to take a specific example, depends on the 
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square of its radius and its volume on the cube, it should be evident tint doubling 
the radius will increase the surface area four times, but the volume eight time , 
since 2* = 4 and 2’ = 8 Consequent!) , as a unit is made larger and larger, 
escape of neutrons, depending on the surface area, becomes 
important than production, which depends on the volume When scientis 
were first seeking to establish a chain reaction, one of their first problems was 
to estimate how large a unit would be necessary to offset the loss by escape 
Loss due to capture is decreased by purifying the uranium, removing 


impurities which capture neutrons 

Loss due to capture by is reduced by slowing liberated neutrons down 
to thermal speeds before they (or most of them) get a chance to come i" 
contact with atoms of this isotope This slowmg-down process has the added 
advantage of increasing the gam because, as we have seen, fission of U is 
most readily brought about by neutrons of thermal speeds 

The reduction in speed is brought about by the use of what is called a 
moderator, a material consisting of light atoms which, when hit by fast neu- 
trons, rapidly slows them down (In section 197, we have already empha- 
sized that after some twenty collisions with protons, a 5 mev neutron is 
slowed until its energy is only about 0 1 e v ) For satisfactory use as a 
moderator, a substance must also consist of atoms which do not readily capture 
neutrons Both conditions are satisfied by graphite and by heavy water 
In chain-reacting piles, therefore, masses of uranium slugs or rods are inter- 
spersed in a large mass of moderator material so that neutrons liberated in 
any particular slug are slowed down before they strike a neighbonng one 
This book IS not the place to give the details of the construction of actual 
piles, which may he operated at power levels as low as a few watts or as high 
as some hundred thousand kilowatts, but our description of basic principles 
would not be complete without an explanation of the means of starting or 
stopping a pile Control is possible because a few substances, notably cadmium 
and boron, absorb slow neutrons to an exceptionally high degree Accord- 
ingly, a pile IS designed so that rods or plates of a material like steel, coated 
with cadmium or boron, can be inserted to vary mg degrees inside it Suppose 
a pile has been designed to operate at a ceruin power level with a cadmium 
control half way in Then, with the rod or rods pushed all the way jn, no 
chain reaction is possible because too many neutrons are captured byr the cad- 
mium On gradually pulling out the rods, cadmium capture becomes less 
and less and at a certain stage the reaction begins If the controls are pulled 
too far out, the reaction will proceed too vigorously, and care must always be 
exercised to guard against this 

Since no special source of neutrons is placed in a chain-reacting pile, the 
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reader wonder l^ow the chain process is initiated This is because a few 

stray neutrons from cosmic rajs are alwajs present in the 

mor^eover. because there is alwajs the off-chance of nn odd spontaneous fission 

700 Release of Nuclear Energy and Radiology — In this book 
Ja^re with the use of chain-reacting pH- ^ 

of useful power In the field of radiologj, however, the controlled release 
. o£ .h. „.™os. ..por.n„ ^ J,.h, - 

associated svtth colossal amounts of radioactivity 
of neutrons by U that is, the reaction 

,2U + V 

H„e „e ha„ both a of g.™™. rad„oo„ 

„d»,c„ve .sotope U», r Th,> 

With beta emission, to form the element neftusiium , 
disintegration may then be written 

= flsNp*” + P 

f Nn*®* with half period 2 3 daj s 
This IS followed by the ^ ” th, manuf^^^ 

and another beta ray emission, which leans 
m accordance with __ i o 

,aNp — ' 

Its half penod IS so long, being of 
Although Pu*^’* IS an alpha ray e , considered stable 

the order of 200,000 jears, that for many p P ,t 

Since m a pile some capture of ne It can be removed 

follows that plutonium jeonstany .^^ .^pprtance because, like U , « 

by chemical means and is of th g the war, the pnmarj reason huge 

undergoes fission read ly J” ^ the specific purpose of making plu 
chain-reacting piles were ui ^ bombs , 

tonium, n being excellent fue for atom tadioactivity assocn d 

A second and very " ts of fission are highlj radioactive UU- 

with a pile IS the fact that the Unthanum and manj others 

matel) stable isotopes j j a stnes of transformations of the on^n 

are found, but they are the one of the many possible fission 

fission products For examp lanthanum after the f« - 

products, ultimately tarns nto 
Lwingsenesoftransformatons^^ 

= .f 

Ua'” = .rLa” + P 
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When, therefore, i pile is in opcntion, stich transformiMons ire going on 
constantly, with consequent intense raciioictivitj In a large pile, the amount 
of radioactive material is the equivalent of hundreds or even thousands of grams 
of radium Then, there is the constant stream of escape neutrons As for 
atomic bombs, even the layman has been made well aware of the highly dan- 
gerous radiations which emanate from the place tvhere one has been dropped. 

In the important nuclear investigations which led to the chain reacting pile 
and to the atomic bomb, a major problem was the protection of personnel 
from these dangerous radiations Through the efforts of a number of dis- 
tinguished scientists, not only were workers succcssfuHj protected, but much 
fundamental research work relating to biological effects of radiations was 
earned out It may not be amiss to quote one or two conclusions from a 
report on this whole problem of health protection bj Dr Robert S Stone, 
the director of the group of workers whose pnmary concern was problems 
of health protection “ In a general way the opinion has been confirmed 
that radiation acts on tissues roughly in proportion to the specific romzation 
whether radiations come from outside the body or from a radioactive element 
inside the body Fission products and plutonium have not been available 
long enough for chronic experiments to be completed, and therefore such 
experiments remain as a postwar project for some interested group ” 

Biological problems arising from the dangers of intense radiation may be 
classified as of a negative nature On the positive side, chain reacting p3es 
have created a new s tuation As far as biological uses are concerned, no 
new fundamental principles have been discovered, but radioactive isotopes 
will now be available for use along the lines discussed in Chapter XVII, m 
hitherto undreamed of amounts To begin with, there are the actual products 
of fission, such as radioactive iodine, concerning which Mayneord suggests 
that It may be possible to concentrate 100 cunes m 1 mm * This,” he 
adds, “ should make an ideal beta ray emitter plaque ” Then, in the pile, 
we have a source of neutrons for use in manufacturing useful isotopes A good 
example is the manufacture of by the process gjCo®* “h o”* — 21 C 0 ®* 

+ ^ + y This may prove to be a convenient source of gamma and beta 
radiation 

Years of work he ahead with untold possibilities in the biological world, for, 
to quote Dr Stone again, “ Nucleonics, the science of the atomic nucleus, is 
only m its infancy The more it is pursued, the more chance there is of 
accident and the more the need therefore of 3 better understanding of bio- 
medico-physical problems ” To this the author of this book adds, and, on 
the positive side, the greater the possibility of beneficial discoveries for mankind 
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SOME USEFUL CONSTANTS AND CONVERSION FACTORS 


1 coulomb 
300 volts 
1 flrad 
1 nticrofarad 
1 angstrom 
1 micn>« 

1 msUimjcron 
I X unit 
1 electron volt 
1 electronic unit of charge 
charge on electron 
mass of electron 
mass of a hydrogen atom 
mass of an electron 
charge earned by I 008 gm ol 
Planck s constant (i) 
shortest wave length 


» 3 X ]0* statcoulombs 
= 1 statvolt 
= 9 X 10” statfarads 
= 9 X 10' statfarads 
= 10^ cm 
= ]0-»mm 
= 10-» mm 
= 10^ angstrom 
= 1 6 X I0-“ erg 
f = 1 60 X 10^’ coulonib 
I = 4 80 X 10 “ statcoiilomb 

= I 76 X 10* coulomb per gram 

= 1 67 X 10"^ gram 
= 9UX ICr^gTum 
~ 96^90 coulomb 

= 6 56 X l(r« et^ X sec 
12395 

angstroms 

maxiinum voltage 


30S 
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Table XXXVl — atomic numbers, atomic weights and stable isotopes 


Element 

Symbol 

Atomic 

Number 

Atomic 

Weight 

Mass Number 
of Isotopes 

Hydrogen 1 

H 

D 

1 

1 

1 0081 

2 014722 

1,2 


He 

2 

4 0039 

3,4 


Li 

3 

6 940 

6,7 

Beryllium 

Be 

4 

902 

9 

fioron 

B 

5 

10 82 

10, 11 


C 

6 

12010 

12,13 

Nitrogen 

N 

7 

14 008 

14, 15 

Oxygen 

0 

8 

160000 

16, 17, 18 


F 

9 

1900 

19 


Ne 

10 

20183 

20,21,22 


Na 

11 

22 997 

23 

Magnesium 

Mg 

12 

24 32 

24,25,26 


A1 

13 

26 97 

27 


Si 

14 

28 06 

28, 29, 30 

Phosphorus 

P 

15 

30 98 

31 

Sulphur 

S 

16 

3206 

32, 33, 34, 36 

Chlorine 

Cl 

17 

35 457 

35,37 

Argofi 

A 

18 

39 944 

36, 38, 40 

Potassium 

K 

19 

39 096 

39, 40, 41 

Calaum 

Ca 

20 

40 08 

40, 42, 43, 44, 46, 48 

Scandium 

Sc 

21 

45 10 

45 

Titanium 

Ti 

22 

47 90 

46, 47, 48, 49, 50 

Vanadium 

V 

23 

SO 95 

51 

Chromium 

Cr 

24 

52 01 

50. 52. 53, 54 

Manganese 

Mn 

25 

54 93 

SS 

Iron 

Fe 

26 

55 85 

54, 56, 57, 58 

Cobalt 

Co 

27 

58 94 

59 

Nickel 

Ni 

28 

58 69 

58, 60, 61, 62, 64 

Copper 

Cu 

29 

63 57 

63, 65 

Zinc 

Zn 

30 

65 38 

64, 66, 67, 68, 70 

Gallium 

Gi 

31 

69 72 

69,71 

Germanium 

Ge 

32 

72 60 

70, 72, 73, 74, 76 

Arsemc 

As 

33 

7491 

75 

Selenium 

Sc 

34 

78 96 

74, 76, 77, 78, 80, 82 

Bromine 

Br 

35 

79 916 

79, 81 

Krypton 

Kr 

36 

83 7 

78, 80, 82, 84, 86 

Rubidium 

Rb 

37 

85 48 

85, 87 

Strontium 

Sr 

38 

87 63 

84, 86, 87, 88 

Ti itnum 

Y 

39 

83 92 

89 

Zirconium 

7r 

40 

9122 

90,91,92,94, 96 

Molybdenum 

M.0 

42 

95 95 

92,94, 95,96,97,98, JOO 

Ruthenium 

Ru 

44 

1017 

96, 98, 99, 100, 101,102, IW 

Rhodium 

Rh 

45 

102 91 

101, 103 

Palladium 

Pd 

46 

106 7 

102,104, 105, 106, 108, 110 

Silver 

Ag 

47 

107 880 

107, 109 

Cadmium 

Cd 

48 

112 41 

106 108. 110 111, 112, 113, 

Indium 

In 

1 49 

114 76 

114,116 

113, 115 
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Symbol 


Caesium 

Banum 

Lanthanum 

Praseodymium 

Neodymium 

Samarium 

Furopium 

Gadolinium 

Terbium 

Dysprosium 

Holmium 

Erbium 

Thulium 

Ytterbium 

Luteaum 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Indium 

Platinum 

Gold 

Mercury 

Thallium 

Lead 

Bismuth 


132 91 

137 36 

138 92 
140 13 
140 92 
144 27 
150 43 
152 0 
1569 
1592 

162 46 

163 5 
167 2 
169 4 
173 5 
175 0 

178 6 
180 88 
183 92 
186 31 
190 2 
193 1 
195 23 
1972 
200 61 
204 39 
207 21 
209 00 


112 114, 115, 116, 117, llC 
119. 120, 122, 124 

120, m, 123, 124, 125. 126 
lb, 130 

IS 126. 128. 129. 130, 131, 
lb, 134, 136 

IS, 132,134,135,136,137,138 

139* 

136, 138, 140, 142 

142 143 144, 145,146.148.150 

lf4:iS:i48:i49:i50.l52.154 

S2,l54.155.l56.1S7,158,160 

158,160,161.162,163,164 

162.164,166,167.168,170 

r6ll70.171.172.173,174.176 

17L17M77,12®.>’’*‘®‘’ 

iS, 182, 183, 184, 186 

1S:186.187.I88.189.190,192 
191 193 

192! 194, 195, 196, 198 

iS, 198,199,200.201,202,204 

205 

204, 206, 207, 208 
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Table XXXVI — atomic numbers, atomic heights and STABtr isotopes 



Symbol 

Atomic 

Atomic 

Mass Number 

Element 

Number 

Weight 

of Isotopes 

Hydrogen 1 

H 

1 

1 0081 

1.2 

Dcutenum/ 

D 

1 

2 014722 

3,4 

Helium 

He 

2 

4 0039 

Lithium 

Li 

3 

6940 

6,7 

Beryll um 

Be 

4 

902 

9 

Poroti 

B 

5 

10 82 

10,11 

C^arViOTi 

C 

6 

12010 

12, 13 

Nitrogen 

N 

7 

14 008 

14, IS 

Ox)gen 

0 

8 

160000 

16, 17,18 

Fluorine 

F 

9 

1900 

19 

Neon 

Ne 

10 

20 183 

20,21,22 

Sodum 

Na 

11 

22 997 

23 

Magnesium 

Mg 

12 

24^2 

24,25,26 

Aluminum 

A1 

13 

26 97 

27 

S licon 

Si 

14 

28 06 

28, 29, 30 

Phosphorus 

P 

IS 

30 98 

31 

Sulphur 

S 

16 

3206 

32, 33, 34, 36 

Chlonne 

Cl 

17 

35 457 

35, 37 

Argon 

A 

18 

39 944 

36,38,40 

Potassium 

1 K 

19 

39 096 

39, 40, 41 

Calaum 

Ca 

20 

40 08 

40,42,43,44,46,48 

Scand um 

Sc 

21 

45 10 

45 

Titanium 

Ti 

22 

47 90 

46, 47, 48, 49, 50 

V anadium 

V 

23 

50 95 

51 

Chrom um 

Cr 

24 

52 01 

50, 52, 53, 54 

Manganese 

Mn 

25 

54 93 

55 

Iron 

Fe ! 

26 

55 85 

54. 56, 57, 58 

Cobalt 

Co 

27 1 

58 94 1 

59 

Nickel 

Ni 

28 

58 69 

58, 60, 61, 62, 64 

Copper 

Cu 

29 

63 57 

63, 65 

Zinc 

Zn 

30 

65 38 

64, 66, 67, 68, 70 

Gallium 

Ga 

31 

69 72 

69,71 

Germanium 

Gc 

32 

72 60 

70, 72, 73, 74, 76 

Arsenic 

As 

33 

74 91 

75 

Selenium 

Se 

34 

78 96 

74. 76. 77, 78, 80, 82 

Bromine 

Br 

35 

79 916 

79,81 

Krj pton 

Kr 

36 

83 7 

78, 80. 82, 84, 86 

Rubidium 

Rb 

37 

85 48 

85, 87 

Strontium 

Yttnum 

Zirconium 
Molybdenum 
Ruthen um 
Rhodium 
Palladium 

Cadmium 

Sr 

Y 

Zr 

Mo 

38 

39 

40 

42 

87 63 

88 92 

9122 

95 95 

84, 86, 87, 88 

89 

90,91,92,94, 96 

92,94,95, 96,97,98, 100 

Ru 

Rh 

Pd 

44 

45 

46 

101 7 

102 91 

1067 

96, 98, 99, 100, 101, 102, 104 
101, 103 

102, IW, 105, 106, 108, UO 

Ag 

Cd 

47 

48 

107 880 
11241 

107, 109 

106 108 , no 111, 112, in. 

Indium 

In 

49 

114 76 

114, 116 

113, 115 
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Element 

Symbol 

Tin 

Sn 

Antimony 

Sb 

Tellunum 

Te 

Iodine 

Xenon 

I 

Xe 


Caesium 

Barium 

Lanthanum 

Praseodymium 

Neodymium 

Samanum 

Gadolinium 

Terbium 

Dysprosium 

Holmium 

Erbium 

Thulium 

"i tterbium 

Luteaum 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Indium 

Gold” 

Mercury 

Thallium 

Lead 

Bismuth 


Cs 

Ba 

La 

Ce 

Fr 

Nd 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Ta 

\V 

Re 

Os 

Ir 

Pt 

Au 

Hg 

T1 

Pb 

Bi 


Atomic 

Number 

Atomic 

Weight 

Mass Number 
of Isotopes 

50 

118 70 

112, 114, US, 116, 117, 118, 


119, 120, 122, 124 

SI 

121 76 

121,123 

S2 

127 61 

120, 122, 123, 124, 125, 126 


128, 130 

53 

126 92 

127 

54 

131 3 

124, 126, 128, 129, 130, 131, 


132, 134, 136 

55 

132 91 

133 


137 36 

130, 132,134, 135,136,137,138 

57 1 

138 92 

139 


140 13 

136, 138, 140, 142 


140 92 

141 


144 27 

1 142,143,144, 145,146,148,150 


j 150 43 

1 144.147,148,149,150,152,154 

63 

152 0 

151,153 

64 

156 9 

152,154,155,156,157,158,160 

65 

159 2 

159 

66 

162 46 

158,160,161,162,163,164 

67 

163 5 

165 

68 

167 2 

162,164,166,167,168,170 

69 

169 4 

169 

70 

173 5 

168,170,171,172,173,174,176 

71 

175 0 

175, 176 

72 

178 6 

174, 176,177,178,179,180 

73 

180 88 

181 

74 

183 92 

180,182,183,184,186 

75 

186 31 

185,187 

76 

1902 

184, 186, 187, 188, 189, 190, 192 

77 

193 1 

191, 193 

78 

195 23 

192, 194, 195, 196, 198 

79 

197 2 

197 

80 

200 61 

196, 198, 199,200,201,202,204 

81 

204J9 

203, 205 

82 

207 21 

204, 206,207,208 

83 

209 00 

209 
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INTERNATIONAL RECOMMENDATIONS FOR X-RAY 
AND RADIUM PROTECTION* 

Revised by the International X Ray and Radium Protection Commission at the Fifth 
International Congress of Radiology, Chicago, September, 1937 

International Recommendations 

I The dangers of overexposure to x rajs and radium can be aioided by the pro 
Vision of adequate protection and suitable working conditions It is the duty of those 
in charge of x raj and rad urn departments to insure such conditions for their personnel 
The known effects to be guarded against are 

(a) Injuries to the superficial tissues, 

(fi) Changes in the blood and derangements of internal organs, particularly tilt 
generative organs 

The evidence at present available appears to suggest that under satisfactory work 
ing conditions a person in normal health can tolerate exposure to x rays or radium gamma 
rays to an extent of about 0 2 international roentgen (r) per day, or Ir per week On the 
basis of continuous irradiation during a working day of seven hours, this figure corre 
jponds to a tolerance dosage rate of \0~^r per second The protective v’alues given in 
these recommendations are generally in harmony with this figure under average condi- 

I Working Hours, etc 

2 The following working hours, etc , are recommended for whole time x raj 
and rad um workers 

(<i) Not more than seven working hours a day in temperate or cold climates For 
workers m tropical climates, shorter hours may be desirable 

(6) Not more than five working days a week, the off dajs to be spent as much 
as possible out of doors 

(c) Not less than four vveeks holiday a year, preferably consecutively 

(i£) Whole time workers in hospital x ray and radium departments should not be 
called upon for other hospital service 

(«) X ray, and part cularly radium workers should be systematically submitted, 
both on entry and subsequently at least tvvice a jear, to expert medical, general, 
and blood examinations, special attention being paid to the hands These 
examinations will determine the acceptance, refusal, lim tation, or termina 
tion of such occupation 

(/) The amount of radiation received by operators should be systematically checked 
to insure that the tolerance dose is not exceeded For this purpose, photo 
graphic films or small capacity condensers may be carried on the person 

II General X ray and Radium Recommendations 

3 X-ray departments should not he situated below ground floor level 

4 All rooms, including dark rooms, should be provided with windows affording 
good natural lighting and ready facilities for ad u tting sunshine and fresh air when 
ever possible 

♦Reprmtel by permission from Radiologj, April, 1938 
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5 A]] rooms should be provided with adeijujte exhawt ventilation In certain cli 
mate* it may be neeessaty to have recourse to air conditioning For roo ns of normal 
dimensions, say 3,000 cubic feet (90 c meters) in which corona free apparatus is in 
Mallei), the ventilafingr sjsteni should be capable of renewing the air of the roam not 
less than six times per hour, while up to ten times maj he requ red when the apparatus 
IS not corona free Large rooms require proportionately fewer changes of air per 
hour than small ones Air inlets and outlets should be arranged to aSord cross wist 
ventilation of the room 

6 All rooms should preferably be decorated m light colors 

7 A working temperature of about IS'-Zi^C, (63*'-72''F) is desirable in x ray 
rooms 

S X ray rooms should be large enough to perm t a convenient layout of the equip 
ment A tniniiiium floor area of 250 sq ft (2S sq meters) is recommended for x ray 
rooms, and 100 sq ft (10 sq meters) for dark rooms Ceil ngs should be not less 
than 1 1 ft (3 5 meters) high 

9 High tension generators employ ng mechanical rectification should preferably be 
placed in a separate room from the X ray tube 

HI X Rvv Protective Recommendations 

10 An X ray operator should on no account expose himself to a direct beam of x rays 

11 An operator should place himself as remote as practicable from the x ray tube 
It should be borne in mind that valve tubes are capable of producing x rays 

12 The X ray tube should be self protected, or otherwise surrounded as completely 
as possible, with protective material of adequate lead equivalent * 

13 The following lead equivalents are recommended under average cohd tions 


\ rays Generated by ' 

Peak Voltages 1 

Minimum Equivalent 
Tbekhess of Lead 

Not exceeding 75 kv 

1 mm 

100 


125 

2 

150 

25 

175 

3 

200 

4 

250 

1 ^ 

31X) 

1 9 

350 

12 

m 

i 15 

(600) 

(35) 


(A) Dutgmsuc Work — 14 In the ease of diagnostic work vvith other than com 
pletely protected tubes the operator should be afforded add tional protection from stray 
radiation by a screen of a minimum lead equivalent of one millimeter 

IJ Screening exammations should be conducted as rap dly as possible with minimum 
intensities and apertures, particularly when fractures are reduced und r x rays Palpi 
tition with the hand should be reduced to the mm mum 


*Tlie lead equivalent of a given 
lead which is equally opaque to x ray 


thickness of protective material is that thickness of 
s excited at some specified peak voltage 
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,6 The lead glass of fluorescent screens should have the protective value, recommended 

IS afforded for all positions of the screen and diaphragm 

IS Screening stands and couches should provide adequate arrangement, for protect 
mg the operator against scattered radiation from the patient ^at-nal 

19 Protective gloves, which should be suitably lined with fabric 
should have a protects value not less than one third millimeter lead throughout both 
back Ld front (including fingers and wrist) Protective aprons should have a minimum 
lead value of one half millimeter u , -m 

(B) Treatment —20 In the case of x ray treatment, the operator is best * 
tioned completely outside the x ray room behind a protective wall, the lead 
of which will depend on the circumstances In the case of a single x ray tube excite 
by voltages up to 200 kv , the protective wall should have a minimum lead equivalent 
of two millimeters This figure should be increased in the case of higher exciting 
voltages or of heavy tube currents or if the protective value of the x ray tube enclosure 
falls short of the value given in paragraph 13 In such event the remaining walls, 
floor, and ceiling may also be required to provide supplementary protection for adjacent 
occupants to an extent depending on the circumstances Full protection should be pro- 
vided in all those directions m which the direct beam can operate 

Inspection windows in screens and walls should have protective lead values equiva- 
lent to that of the surrounding screen or wall 

21 In those cases m which an x ray tube is continuously excited and treatment periods 
are regulated by means of a shutter, some form of remote control should be provided 
for the shutter, to insure that the operator is not exposed to direct radiation while manipu- 
lating the shutter or filter 

22 Efficient safeguards should be adopted to avoid the omission of a metal filter m 
X ray treatment, for example, by an interlocking device or by continuously measuring 
the emergent radiation Protective screens and applicators (cones) used in treatment 
to define the ports of entry of x ray beams should be sufficiently thick to reduce the 
dosage rate outside the direct field of irradiation to less than 1 0"*’ roentgen per second 


IV. Electrical Precautions in X ray Rooms 

23 The floor covering of the x ray rooms should be insulating material such a, 
wood, rubber, or linoleum 

24 Where permanent overhead conductors arc employed, they should be not less than 
9 feet (l meters) from the floor They should consist of stout metal tubing or other 
roronalcss tjpe of conductor The associated connecting leads should be of coronaless 
wire kept taut by suitable rheophores 

25 XMierever possible, earthed guards or earthed sheaths should be provided to shield 
the more adjacent parts of the high tension system Unshielded lead, to the x ray tube 
should be in position, as remote as possible from the operator and the patient The 
use of “shockproof” x ray equipment, m which the high tension circuit is completely 
enclosed in earthed conductors, is recommended In all cases, however, indiscriminate 
handling of x ray tubes during operation should be forbidden Unless there are rea- 
son, to the contrarj, metal parts of the apparatus and room should be efficientl) earthed 
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26 Main and tupply switches should be very accessible and distinctly indicated They 
should not be in the proximity of the high tension system, nor should it be possible for 
them to close accidentally The use of quick acting, double pole Circuit breakers is 
recommended Overpowered fuses should not be used If more than one apparatus is 
operated from a common generator, suitable high tension, multiway switches should be 
provided In the case of some of the constant potential generators, a residual charge is 
held by the condensers after shutting down, and a suitable discharging device should, 
therefore, be fitted Illuminated warning devices which operate when the equipment 
fS “alive” serve a useful purpose The staff should be trained in the use of first aid 
instructions dealing with electrical shock If foot switches are used they should be 
connected in senes with an ordinary switch, and should be so designed that they cannot 
be locked to keep the circuit “ alive ” and are not capable of being closed accidentally 

27 Some suitable form of kilov oltmcter should be provided to afford a measure of 
the voltage operating the x ray tube 

28 Low flashpoint anesthetics should never be used in conjunction with x rays 
V. Film Storage Precautions 

29 The use of non inflammable x-ray films is strongly recommended In the case 
of inflammable films, suitable precautions should be taken as regards tbeir use and 
storage Large stocks should be kept in isolated stores, preferably in a separate build 
ing or on the roof 

VI Radium Protective Recommendations 

(^) Radium Sallt — 30 Protection for radium workers is required from the effects 
of 

(n) Beta rays upon the hands, 

(a) Gamma rays upon the internal organs, vascular and reproductive systems 

31 In order to protect the hands from beta rays, reliance should be placed, in the 
first place, on distance The radium should be manipulated with long handled forceps 
and should be earned from place to place in long handled boxes, lined on all sides 
with at least one centimeter of lead All manipulations should be earned out as rapidly 
as possible 

32 Radium, when not in use, should be stored in a safe as distant as possble from 
the personnel It is recommended that the safe should be provided with a number of 
separate drawers individually protected The amount of protection should correspond 
to the values given in the following table These values, which are based on working 
conditions where there is proximity to radium may be reduced for larger working dis 


Maximum Quantity 
of Radium Element 

Th ckness of 

Lead 

OOS gm 

Sem 

02 

8S 

05 

10 

10 

11 S 

20 

13 

50 

IS 

100 

17 
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3J A separate room should be provided for the “ make-up ” of screened tubes and 
applicators, and this room should be occupied only during such work 

34 In order to protect the body from the penetrating gamma rays during the han- 
dling of radium, a screen of not less than 2 S centimeters of lead should be used, and 
proximity to the radium should occur only during actual work, and for as short a time 

as possible , , ■ r .i 

35 The measurement room should be a separate room, and it should preferably con 
tain the radium only during its actual measurement 

36 Nurses and attendants should not remain in the same room as patients under- 
going radium treatment w ith quantities exceeding one half gram 

37 All unskilled work, or work which can be learned in a short period of time, 
should preferablj be carried out by temporary s^orkers, who should be engaged on such 
work for periods not exceeding six months This applies especially to nurses and those 
engaged in “ making up ” applicators 

38 Rad urn containers should be tested periodically for leakage of radon Prejudi- 
cial quantities of radon may otherwise accumulate in radium safes, etc , containing a 
number of leaky containers 

39 Discretion should be exercised in transmitting radium salts by post In the case 
of small quantities (less than 10 mg of radium element) it is recommended that the 
container should be lined throughout with lead not less than three millimeters thick, 
svhile for quantities between 10 and 50 mg of radium element, the lead container should 
be supported m the center of a box with a minimum dimension of 30 cm Packages 
containing more than 50 mg of rad urn element are preferably sent by rail or hand 
under suitable conditions of protection 

(B) Radon — 40 In the manipulation of radon, protection against beta and gamma 
rays is required, and automatic or remote controls are desirable 

41 The handling of radon should be earned out, as far as passible, during its rela 
tisely inactive state 

42 Precautions should be taken against excessive gas pressures in radon plants The 
escape of radon should be very carefully guarded against, and the room in which it 
is prepared should be provided with an exhaust fan controlled from outside the room 

43 Where radon is likely to come in direct contact with the fingers, thin rubber 
gloves should be worn to avoid contamination of the hands with active deposit Other- 
wise, the protective measures recommended for radium salts should be carried out 


44 The pumping room should preferably be contained m a separate building The 
room should he provided with a connecting tube from the special room in which the 
radium is stored in solution The radium in solution should be heavily screened to 
protect people working in adjacent rooms This u preferably done by placing the 
ra turn solution m a lead lined box, the thickness of lead recommended being according 
to the table m paragraph 32 

(C) Rad, urn beam Therapy _4S The risks to the operator attendant on the use 
o arge quantities of radium m radium beam therapy may be largely obviated if some 
control IS adopted by which the radium is only introduced into the 
“1 position on the patient If such arrange- 
4 / avadable, the importance of expeditious handling is stressed 

■iH •. "c radium-beam therapy should provide adequate protection for 

adjacent wards and rooms in permanent occupation 

ic o owing minimum lead thicknesses arc required to secure a tolerance dosage 
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Absorption 

and atomic number, IHI 

rs.o7>. 

cnticil wave lengths, 171 
nature of, 171 
of alpha ra>s,22S 
ofbctara>s,2:6 

true, 171 
A C, 3,105 

Acme deposit, 242 
Air dose, 205 
Air wall chamber, 202 
Allison, 179, 181 
Alpha ra>s, 223, 230, -42 

artificial. 276 

bombardment b>, 274, 276 
counting, 225, ^1 
scattering of, 224, -47 
Alternating currents, 1,3 
frequency of, 4 

sUengthof.S 
Amplification factor, 11 J 
Anderson, 284 
Angstrom, 123 
Anode 

massive, 85 
of X ra> tube, 65, 75 
rotating, 84 
Aston, 56, 58 
Atlec, 73 
Atom 

nucleus of, 49 
structure of, 48, 61 
Atomic number, 245 

and absorption, 181 

and wave length, 155 
table of, 306 
Atomic pile, 301, 303 


Atomic weight, 49, 57, 59, 245 
table of, 306 
Austom,289 
Auto-transformer, 35, il 

Back scatter, 205 
Bainbndgc, 57 
Baldwin, 80 
Decker, 277 
Becqucrel, 222 
Beta ra)s, 223, 226 
primar>, 229 
second ar) , 229 
Betatron, 272 
Bias, gnd, 113 

Biological effect 
ofx ra>s, 137 
Birge, 59 

Blackening 

ofx ray tubes, 67 
Blackett, 284 
Bohr, 157 

Bombardment by 

alpha, 274, 276 
cathode ra>s, 50 
deuterons, 275 
gamma, 290 
neutrons, 281 
protons 275 
Bothe, 277 
Bouwers, 142 
Bragg, 149 
Bnckwedde, 59 
Brush discharge, 31 
Bucky, 184 

Bucky diaphragm, 184, 186 

Calutron, 62 
Canal rays, 54 
Capacitative reactance, 10 
Cascade generator, 253 
315 
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Cathode ra)s, 39, 42, 45, 51, 67 
Centrifuge, 63 
Chadwick, 277, 291, 294 
Cham reaction, 300 
Chambers 
air wall, 201 
free air, 201 
ionization, 194 
standard, 194, 197 
thimble, 194, 201 

Characteristic x rays, 153, 165, 167 
Charlton, 273 
Chaoiil, 87 

Chemical anal) sis, 55 
Chemical effect of x rajs, 137 
Choke coil, 10, IS 
Chronometer, Webster drop, 108 
Circuit 
Graetz, 96 
Gremacher, 100 
high frequency, 10 
inductive, 6 
primary, 2, 18 
primary Tesla, 109 
noninductive, 6 
secondary, 2, 18 
secondar) Tesla, 111 
ViUard, 102 
Cockcroft, 274 
Coefficient 

absorption, 171, 176, 228 
decay, 239 

linear absorption, 177 
mass absorption, 176 
Collision 

dismtegrat on, 248 
ionization by, 50 
scattering, 247 
Compton, 166, 170, 179, 181 
Condon, 245 
Condenser 
discharge of, 106 
meter and dosage, 203 
with electrometer, 200 
with rectifying values, 99 
Conductivity of ait, 33, 34, 55 
Constant potential, 99 
Continuous 


spectrum, 120 
X rays, 154 

Coolidgc, 51, 70, 77, 273 
Cooling target, 68 
Cork, 288, 289 
Corona, 3 1 

Corpuscular emission, 197, 201 
Cosmic ra) s, 283 
Coulomb, 46 
Counter 

Geiger Mueller, 230, 232 
proportional, 232 
Cross-fire treatment, 210 
Curie, 222, 234, 277, 298 
Curie, meaning of, 241 
Currents 

alternating, 1, 3 
cfassification of", 105 
control of, in tubes, 66, 75 
displacement, 116 
faradie, 20, 105 
galvanic, 105 
high frequency, 10, 105 
induced, 2 

I intermittent, 26, 105 
ionization, 200 
pnmatj induction coil, 19 
pulsating, 105 
saturation ionization, 192 
saturation tube, 76 
sinusoidal, 4, 106 
Curtiss, 245 
Cycle, meaning of, 4 
Cyclotron, 263 
s) nchbo, 270 

Dark space, 42 
Davidsofi, 280 
D C , 5, 105 
Decay 

coefficient, 239 
of radon, 237 
Dees, of cyclotron, 268 
Dehydrating effect of x rays, 135 
Demers^ 282, 299 
Dempster, 57 
Deposit, active, 242, 244 
Depth dosage, 208 
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Deuterium, 59 

Deuteron bombardment, 276 

Diaphragm 

and scattered rays, 183 
potter Bucky, 183, 185 
Diathermy, 110, 115 
Diffraction grating, 121 
Diode tube, 70 
Disc, rectifying, 24, 27 
Disintegration, 242 
Displacement currents, 116 
Dosage 

by condenser meter, 203 
by ionization, 192 
depth, 208 

gamma rays, 235, 237 
of X rajs, 190 
pastilles, 190 
roentgen unit, 194, 197 
Dose 
air, 20S 

baric scatter, 205 
integral, 215 
tissue, 205 
threshold, 212 
tolerance, 210, 216 
Duane, 152, 162, 163 
Dushman, 93 

Effective wave length, 161 
Emstem, 292 
Einstein's law, 292 
Electric waves 
see electromagnetic 
Electroniagnetic 

induction, 2 
waves, 116, 134 
Ekcttomagnetism, 1 
Electrometer, 200, 203 
Electron bombardment, 53 
Electrons, 48 
corpuscular, 197, 201 
photo, 168, 196 
recoil, 170, 196 
thermionic emission, 48, 69 
Electron volt, 47 

Electroscope, 129, 138, 192, 194, 226. 
Electrostatic 


generator, 255 
voltmeter, 33 

Emanation, radium, 234, 237 
Enei^y 

and destruction of matter, 293 
and mass, 291, 298 
and X ray absorption, 213 
Erythema 

minimum perceptible, 128 
I threshold dose, 212 
E-viton, 131 
Exponential law, 143 

Pailla, 206, 214 
Farad, 11 
Faraday, 2 

Faradic current, 20, lOS 
primary, 105 
secondary, 105 
Fermi, 281 
Filament circuit, 70 
FiJrm, 140 
Filtration 

and wave length, 155, 172 175 
Fjrsen, 130 

Fission, of nuclei, 283, 298 
Fluorescence 
and cathode rays, 43 
and radium, 222 
and X rays, 136 
Fluorescent 
screen, 137 
X rays. 165, 167 
Flux, magnetic, 7 
Focal spot, 73, 82 
and wave length, 163 
Focusing 
X ray tube, 73 
Focus, line, 82 
Free air chamber, 202 
Frequency 

high, currents, 10, 105, 114 
Fnsch, 299 
Fulguration, 112 
Full wave rectification, 93, 96 
Fursfenau Intenstmcfer, 191 

Galvanic, 105 
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Galvanism, 105 

Gamma radiation, 1 97, 227, 290 
Gamma rays, 197, 223, 227 
dosage, 235, 237 
m nuclear reactions, 290, 294 
Geiger Mueller counter, 230 
Generating voltmeter, 259 
Generator 
cascade, 253 
electrostatic, 255 
Van dc Graaff, 255 
Goldhabcr, 291, 294 
Goldstein, 54, 55 
Goltze, 82 
Graetz circuit, 96 
Gram roentgen, 214 
Grating diffraction, 121 
Gray, 280 
Gray, J A , 166 
Greenberg, 289 
Gremacher circuit, 100 
Grenz rays, 89 
Gnd 
bias 113 
Lysholm, 186 
of valve, 112 
Gross, 73 

Hahn, 298 

Half period of radon, 239 
Half value layer, 140, 156, 161 
Half wave rectification, 93, 96 
Hamilton, 280 
Hard tube, 66 
Hard X rays, 98, 139 
Harkins, 277 
Harmsen S6 
Hartley circuit, 115 
Heavy water, 60, 64 
Henderson, 268 
Henry, 2 

Henry, meaning of, 8 
Hertz, 116 
Hevesy, 287, 288 
High frequency currents, 10, 105, 114 
damped, 106 
diathermy with, 110, 115 
primary Tesla, 109 


secondary Tesla, 111 
undamped, 114 
Homogeneous x ra>8, 143 
Honigschmidt, 245 
Hudson, 212, 213 
H V U, 140, 1S6, 161 

Impcilancc, 8 

Indicators, radioactise, 287 
Inductance, 6, 7, 19, 21, 108 
Induction cod, 18, 233 
Induction, electromagnetic, 2 
Inductive 
circuit, 6 
reactance, 8 
Infrared, 124 
I Insulation, 22 
Integral dose, 215 
I fntensimctcr, Furstenau, 191 
Intensity 
absolute, 189 
and voltage, 155, 252 
inverse square law, 189 
of magnetic field, 1 
of X ra>s, 188, 189 
Intermittent current, 26, lOS 
Intcmiptcr, 18 
Ionization, 39, 49 
and dosage, 192 
by collision, 50 

chamber, 193, 194, 197, 201, 203 
current, 192 

effect of X rajs, 137, 168 
saturation current, 192 
Ionizing agent, 39 
Ions. 40, SO, 54, 193 
recombination of, 193 
Isodose curves, 211, 215 
Isotopes, 58, 61, 245 
table of, 306 
separation of, 61 

Joliot, 277, 285, 295 
Jordan, 196 

K. wave lengths, 157, 167 
critical absorption, 175 
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Millicunc, 241 
MiU.Un,4S 

(xl dror experiment, 45 

Millimicron, 123 
Moderator, 302 
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Mundo, 49 

Neptunium, 303 
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N ler, 92 

Non mhictnx circuit, f» 
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Oerttrd. 1 
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Pair pfwluctiQn, 171, 295 

Paneth.281.287,288 
Pastille, l‘^> 

l*calLXottape,^3 

Penetrating effect of x «>*. 138 
Penetration and »avc leoKth, 155 

Pile, atomic, 301 , 303 

phantom, 205, 208 
I»haxc, meaning of, 1. 
photoelectncs 

cell, 129 

171,1%. 201 

photi^rapl"* effect of x ra>s, 136 

158,1-0, 176, »0 

Plutonium, 303 
Polarity indicator, 27 
Pollard, 280 
Polonium, 222, 244 
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Porous barrier, 62 1 

Ports of entry, 210 ! 

Positive rays, 54 
Positron, 283 

Pbtter, 184 i 

Potter Bvcky ^laphragjn, J83 . 

grid shadows, 1 84 

Power, A C , 12 | 

Power factor, 14 
Power rating, 23 
Primary- 
circuit, 2, 18 
Tesla circuit, 109 
X rays, 16S, 166, 168 
Protection 
neutron, 281 
radium, 249 
X ray, 81, 145 

Proton, 60, 61, 248, 27S, 277 
bombardment, 27 S 

Quality 

and H V L , 140 
and voltage, 139 
of X rays, 139, 188 
Quantum, 158 

Quimby, 162, 203, 206, 207, 208, 211 212, 
249, 289 

Radiations 
from radium, 223 
Radioactive 
families, 244, 249 
indicators, 287 
Radioactivity 
artificial, 285 
discovery of, 222 
from piles, 303 
induced, 285 
Radioelements, 287 
radio carbon, 287 
radiophosphorus, 286 
radiosodium, 286, 290 
Radiography 
and scattering, 182 
focal spot, 82, 163 
Radium, 222 
beam therapy, 234 


dosage, 235 
emanation, 234, 237 
famil>,244 
half period, 244 
in treatment, 229 
ncedJCf 234 
protection, 249 
radiations from, 223 
strength of source, 234 
Radon, 234, 237 
decay of, 237 
Radon 

growth of, 240 
half period of, 240 
Ramsay, 242 
Rating 

of transformer, 23 
of X ray tube, 85, 97 
Ra>s 

alpha, 223 
beta, 223, 226 
canal, 54 

cathode, 39. 42, 45, 51, 67 
cosmic, 283 

erythema producing, 128, 130 

gamma, 223 

Grentz, 89 

positive, 54 

Roentgen, 51 

(see under x rays) 
Reactance 
inductive, 8 
capacitativc, 10 
Read, 261, 280 
Recoil electrons, 170, 196 
Recombination of ions, 193 
Rectification, 24 
full wave, 96 
half wave, 93, 96 
self, 92 
Rectifier 

hot filament, 70, 93 
mechanical, 24, 26 
valve, 93 

Rectifying disc, 24, 27 
Rectifying valve, 24, 93 
Resonance, 111 
R H M unit, 245 
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RMS, meaning of, 6 
Rocn^en, 136 
gamma ray umt, 235 
rays, (sec under x rays) 51, 136 
X ra) unit, 194, 197 
Rogers, 143 
Rose, 239 
Ro)ds, 242 

Rutherford, 242, 247, 248, 277 
Rutherford (unit), 245 

Sacuracion 

tube current, 76 
ionization current, 192 
Santch, 298 
Scatter, back, 205 
Scattered x rays, 165, 166, 182, 206 
and recoil electrons, 170 
and radiography, 182 
Scattering 

absorption coefficient, 181 
and diaphragms, 183 
back, 205 

of alpha raj s, 224, 247 
Screen, fluorescent, 137 
Secondary 
beta rays, 229 
X rays, 165 

Secondary circuit, 2, 18 
Tesla, HI 

Seeman spectrograph, 35 
Selenium cell, 191 
Self rectification, 92 
Shockproof tubes, 87 
Sinusoidal current, 4 
Soddy, 58, 242 
Soft tube, 66 
Space charge, 76 
Spark-gap meter, 29, 258 
Spark length 
and voltage, 30 
Spectrograph 
mass, 57 
prism, 119 
Seeman, 35, 151 
X ray, I5I 

Spectrometer, X^ay, J51 
Spectrum 


continuous, 120 
infrared, 124 
line, 120 
mass, 57 
optical, 119 
ultraviolet, 126 
Spinthariscope, 225 
Sputtenng, 67 
Stabilizer, voltage, 78, 80 
Statcoulomb, 46 
S tat volt, 47 

Scep-d<3»n trsnsformeTy 21, 72 
Step-up transformer, 22 
Stone, 280, 304 
Stout, 288, 289 
Strassrnann, 298 
Supervoltage, 252 
tubes, 252, 260, 262 
measurement of, 2S8 
Synchrocy clotron, 270 
Sy nchronous motor, 25 

Taiget 
cooling of, 68 
of X ray tube, 66, 75 
water-cooled, 68 
Taylor, 196, 201 
TED, meaning of, 212 
Tesla, III 
Tesla circuit 
primary, 109 
secondary. 111 
Therapy 
Chaoul, 87 
gamma ray, 235 
neutron, 279 
radium beam, 234 
X ray, 205, 208 
Thermionic emission, 48 , 68 
Thimble 

ionization chamber, 194, 201 
Thomson, J J , 55, 57, 58 
Threshold ery thema dose, 212 
Tissue dose, 205 
Tolerance dose, 210, 216 
Tracers, radioactive, 287 
Transformations, radioacme, 243 
Transformer, 20 
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Transformer, efficiency of, 22 
insulation of, 22 
power rating of, 23 
step^iown, 21, 22 
step-up, 22 

Transmutation, 242, 247 
Treatment 
cross-fire, 210 
radium m, 234 
specifications, 219 
Tnode valve, 112 
Trump, 256, 258, 260, 262 
Tube 

blackening of, 67 
Chaoul, 87 
Coolidge, 70 

current control of, 66, 75 
gas x ray, 65 
Tube 
hard, 66 

hot filament, 70, 73 
low voltage, 89 
Machlett, 90, 143 
massive anode, 85 
metabx, 81 

multisectjon type, 261 
oil immersion, 87 
radiator, 85 
rating, 84, 97 
Roentgen, 65 
rotating anode, 84 
saturation current, 76 
self rectifying, 92 
shockproof, 87 
sofr, 66 

supcrvoltage, 252, 260, 262 
water-cooled, 85 

TJltraviolet, 126, 127 
and vitamin D, 134 
germicidal effect, 132 
in medicine, 129 
Uranium, 222 
fission, 283, 298 
Urey, 59 

Valve 

amplification factor, 113 


characteristic curves of, 113 
diode, 70, 112 
rectifier, 93 
rectifying, 24, 93 
tnode, 112 
with condensers, 99 
Van de Graaff, 255, 256, 258, 260, 262 
generator, 2SS 
Van der Tuuk, 142 
Victoreen condenser meter, 203 
Villard circuit, 102 
Vitamin D, 134 
Voltage 

and intensity, 155, 252 
and quality, 139 

and shortest wave length, 153, 175 
and spark length, 29, 30 
control of, 29, 35, 36 
high, 18, 20, 252 
measurement of, 29, 31, 33, 34 
peak, 23 
stabilizer, 78, 80 
super, 252 
Voltmeter 

electrostatic, 32, 33 
generating, 259 

Walton, 274 
Water, heavy, 60, 64 
^Yave length 

and atomic number, 155 
and focal spot, 163 
I and ionization chambers, 201 
and penetration, 155, 171, 175 
corresponding, 160 
I critical absorption, 171, 175 
effective, 161 
K,L, andM, 157 
1 measurement of, 120, 149 
shortest, 153, 175 
Waves, electromagnetic, 116, 134 
I Whipple, 289 
j Wien, 54 
j Wilsey, 183 

I X-rays 

absorption of, 141, 165, 171, 190 
1 characteristic, 153, 165, 167 
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X rays 

discovery of, 136 
dosage, 188,213 
fluorescent, 165, 167 
general, 153 
generation of, 51 
Grena, 89, 140 
hard, 139, 140 
homogeneous, 143 
independent, 154 
intensity of, 188 
medium, 139 


mollified, 166 
primary, 165, 166, 168 
properties of, 136 
protection, 81, 144 
quality of, 139, 140, 188 
reflection of, 149 
scattered, 165, 166, 182,206 
secondary, 165 
soft, 139, 140 
superhard, 140 
unmodified, 166 
white, 154 



